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Abstract

Virus vaccines have to be immunogenic, sufficiently stable, safe, and suitable to induce
long-lasting immunity. To meet these requirements, vaccine studies need to provide a
comprehensive understanding of (i) the protective roles of antiviral B and T-cell-mediated
immune responses, (ii) the complexity and plasticity of major viral antigens, and (iii) virus
molecular biology and pathogenesis. There are many types of vaccines including subunit
vaccines, whole-inactivated virus, vectored, and live-attenuated virus vaccines, each of
which featuring specific advantages and limitations. While nonliving virus vaccines have
clear advantages in being safe and stable, they may cause side effects and be less effica-
cious compared to live-attenuated virus vaccines. In most cases, the latter induce long-
lasting immunity but they may require special safety measures to prevent reversion to
highly virulent viruses following vaccination. The chapter summarizes the recent progress
in the development of coronavirus (CoV) vaccines, focusing on two zoonotic CoVs, the
severe acute respiratory syndrome CoV (SARS-CoV), and the Middle East respiratory syn-
drome CoV, both of which cause deadly disease and epidemics in humans. The develop-
ment of attenuated virus vaccines to combat infections caused by highly pathogenic
CoVs was largely based on the identification and characterization of viral virulence pro-
teins that, for example, interfere with the innate and adaptive immune response or are
involved in interactions with specific cell types, such as macrophages, dendritic and epi-
thelial cells, and T lymphocytes, thereby modulating antiviral host responses and viral
pathogenesis and potentially resulting in deleterious side effects following vaccination.

1. INTRODUCTION

1.1 Focus of the Review
There are four “common” human coronaviruses (CoVs) that are endemic in

the human population: HCoV-229E, HCoV-OC43, HCoV-NL63, and

HCoV-HKU1. The first twoCoVs have been known since the 1960s, while

the emergence of severe acute respiratory syndrome CoV (SARS-CoV) in

2002 led to an active search for novel CoVs and the identification of HCoV-

NL63 and HCoV-HKU1 in 2004 and 2005, respectively (van der Hoek

et al., 2004; Woo et al., 2005a). The common human CoVs are generally

associated with relatively mild clinical symptoms and cause a self-limiting

upper respiratory tract disease (common cold) (Walsh et al., 2013). In some

cases, common CoVs may also be associated with more severe pathogenesis

in the lower respiratory tract, such as bronchiolitis or pneumonia (Pene

et al., 2003; van der Hoek et al., 2005; Woo et al., 2005b). Human CoVs

cause more serious disease in young, elderly, or immunocompromised indi-

viduals, and they may lead to exacerbation of preexisting conditions, such as

asthma or chronic obstructive pulmonary disease, frequently requiring hos-

pitalization (Mayer et al., 2016; Varkey and Varkey, 2008). Considering that
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the prevalence of these viruses ranges between 3% and 16% and that around

70% of the population is infected during childhood, with recurrent infec-

tions occurring throughout life (van der Hoek, 2007; Zhou et al.,

2013b), common human CoVs represent a significant burden to public

health.

More recently, two previously unknown animal CoVs emerged that

were shown to cause deadly disease in humans. The first, SARS-CoV,

emerged in Southern China and spread around the globe in late 2002

and early 2003, infecting at least 8000 people and killing nearly 10% of

the infected individuals (Lee et al., 2003). The second, Middle East res-

piratory syndrome CoV (MERS-CoV), was first reported in 2012 in the

Middle East and there are still ongoing reports of sporadic cases, particularly

in Saudi Arabia and the United Arab Emirates. This virus has caused close

to 1782 laboratory-confirmed cases, resulting in 634 deaths, and is the

cause of an important outbreak in Korea that started in May 2015, leading

to more than 186 confirmed cases with a death toll of 36, according to the

World Health Organization (WHO) (http://www.who.int/emergencies/

mers-cov/en/).

Current treatment strategies for SARS and MERS, and discussion of the

discovery and development of new virus-based and host-based therapeutic

options for CoV infection have been reviewed recently (Zumla et al., 2016).

In this chapter, we will mainly focus on the development of vaccines suitable

to prevent infections caused by highly pathogenic CoVs, particularly SARS-

CoV and MERS-CoV, in humans. To date, a wide range of vaccine

candidates have been developed for these viruses, including subunit, whole-

inactivated virus, DNA, and vectored vaccines (see reviews by Du and Jiang,

2015; Enjuanes et al., 2008; Zhang et al., 2014a). However, in many cases,

these vaccines were found to induce antibody-dependent enhancement of

infectivity (ADEI) and eosinophilia. In contrast, live-attenuated vaccines

have a long history of success and are the most frequently used vaccines

in humans. This chapter will be focusing on a recently developed next gen-

eration of live-attenuated vaccines based on recombinant viruses. Attenua-

tion of viruses generally relies on the previous identification of genes

involved in viral virulence in specific hosts. Often, these genes encode pro-

teins that antagonize the innate immune response, and their deletion leads to

recombinant viruses that are attenuated in their virulence and, therefore,

may be developed into candidate vaccines. The timeline from bench

research to approved vaccine use is generally 10 years or more (Papaneri

et al., 2015). The use of genetically engineered viruses may significantly

reduce both the time and costs required for vaccine development and
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production. In this chapter, specific features of promising vaccine candidates

in meeting the earlier criteria will be reviewed.

1.2 CoV Genome Structure and Protein Composition
CoVs contain the largest genome known among RNA viruses, consisting of

a single-stranded positive-sense RNA molecule of around 30 kb in length

(Fig. 1) (de Groot et al., 2012). It is similar to cellular mRNAs, as it contains

50-capped and 30 polyadenylated ends. The 50-terminal two-thirds of the

genome contain two overlapping open reading frames (ORFs): ORF1a

and ORF1b (Fig. 1). Translation of ORF1a yields polyprotein 1a (pp1a),

and -1 ribosomal frameshifting allows translation of ORF1b to yield

pp1ab (Ziebuhr, 2005). Together, these polyproteins are co- and post-

translationally processed into 16 nonstructural proteins (nsps), most of them

being involved in viral genome replication and subgenomic mRNA synthe-

sis. The 30-third of the genome encodes a series of structural proteins in the

Fig. 1 Genome structure of human CoVs. Each bar represents the genomic organization
of a human CoV. The tags above the bars indicate the name of each gene. Genus-
specific genes are represented in light and dark gray colors. An, poly(A) tail; I, internal
ORF; L, leader sequence; REP 1a and REP 1b, replicase gene (comprised of ORFs 1a
and 1b).
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order 50-S-E-M-N-30 and genus-specific proteins that vary in number

among the different CoV members (Fig. 1) (de Groot et al., 2012; Sola

et al., 2015).

Human HCoV-229E and HCoV-NL63 belong to the genus

Alphacoronavirus, while HCoV-OC43, HCoV-HKU1, SARS-CoV, and

MERS-CoV belong to genus Betacoronavirus. Although the overall genomic

organization is conserved among all coronavirus genera, the members of this

virus family encode a unique set of genus-specific proteins (Fig. 1) that, in

general, are involved in the modulation of pathogenesis.

1.3 Requirement of B- and T-Cell Responses for Protection
Neutralizing monoclonal antibodies (mAbs) represent a promising thera-

peutic strategy against emerging CoV infections. Fully human neutralizing

antibodies may be developed using different technologies and applied as

therapeutic or prophylactic agents (Jiang et al., 2014; Tang et al., 2014;

ter Meulen et al., 2004; Ying et al., 2014; Zhang et al., 2005; Zhu et al.,

2007). Of special interest are the potent human cross-reactive neutralizing

antibodies specific for SARS-CoV (Pascal et al., 2015). Since most of these

antibodies target the receptor-binding domain of the spike (S) glycoprotein,

antigenic variability within the S gene among human and animal strains must

be considered in the design of broad-spectrum neutralizing molecules (Ying

et al., 2015b). A combination of mAbs targeting different epitopes may be

used to prevent the emergence of escape mutants and, potentially, generate a

synergistic neutralizing effect (Ying et al., 2015a). In line with this, passive

immunotherapy with mouse or dromedary immune serum was shown to be

protective in animal models against SARS-CoV (Subbarao et al., 2004) and

MERS-CoV (Zhao et al., 2015b), respectively, suggesting that this approach

may be used prophylactically or therapeutically in infected patients.

Neutralizing antibodies induced by the S glycoprotein provide complete

protection from lethal CoV infections (Sui et al., 2005). Moreover, an

inverse correlation was observed between IgA secretion and MERS-CoV

infectivity in patients, suggesting that virus-specific IgA production may

be a suitable tool to evaluate the potency of candidate vaccines against

MERS-CoV (Muth et al., 2015). However, the IgA response is short lived

in patients. In contrast, virus-specific memory CD8+ T cells persisted for up

to 6 years after SARS-CoV infection, at which time memory B cells and

virus-specific antibodies were undetectable (Yang et al., 2006). It has been

shown that memory CD8+ T cells specific for an immunodominant epitope
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substantially protected aged mice from lethal SARS-CoV infection

(Channappanavar et al., 2014). After challenge, memory CD8+ T cells pro-

duced effector cytokines (interferon gamma, IFN-γ; tumor necrosis factor

alpha, TNF-α; and interleukin 2, IL-2) and cytolytic molecules, reducing viral

loads in the lung. However, dysregulation of some of these inflammatory

mediators, including type I IFN and inflammatory monocyte–macrophage

responses, caused lethal pneumonia in SARS-CoV-infected mice and, there-

fore, should be considered during vaccine design to minimize immunopa-

thology (Channappanavar et al., 2016). In addition to the protective effect

mediated by memory CD8+ T cells, SARS-CoV-specific CD4+ T cell and

antibody responses are likely necessary for complete protection. The require-

ment of T-cell responses in MERS-CoV protection was also suggested by

immunization experiments in macaques (Muthumani et al., 2015). Therefore,

for effective protection, CoV vaccines should elicit not only antibody

responses but also specific memory CD4+ and CD8+ T cells.

1.4 Antigenic Complexity of SARS- and MERS-CoV
Information on the complexity of CoV serotypes is crucial for predictions

on whether antibodies against a previous CoV infection or a specific vaccine

may protect from reinfection, which has important implications for vaccine

design and neutralizing antibody therapy. Antigenic variability in the

S protein, the major target of neutralizing antibodies, is extremely low

between different MERS-CoV strains (Drosten et al., 2015). A recent sero-

logical study using infectious MERS-CoV isolates collected from patients in

Saudi Arabia in 2014 showed no significant differences in serum neutraliza-

tion, indicating that all these isolates belong to the same serotype (Muth

et al., 2015). Based on these data, it seems likely that the S genes of all cur-

rently circulating MERS-CoVs are interchangeable in candidate vaccine

formulations. The potential relevance of neutralizing antibodies directed

against other envelope proteins remains to be studied.

MERS-CoV and all the closely related viruses isolated from camels and

bats belong to the same viral species, with bat viruses being at the root of the

phylogenetic tree. Most likely, the virus circulating in camels was acquired

from bats and represents the origin of viruses identified in humans over the

past few years. Recombination events within the spike gene of viral ances-

tors were likely involved in the emergence of MERS-CoV (Corman et al.,

2014). Therefore, camels may serve as reservoirs for the maintenance and

diversification of the MERS-CoVs responsible for human infection (Sabir
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et al., 2016). The resultant genetic variability may lead to additional anti-

genic diversity, with obvious consequences for vaccine design.

Because SARS-CoV differs immunologically from other betacoro-

naviruses with little cross-reactivity of antiviral antibodies (Hou et al.,

2010), the development of vaccine candidates suitable to provide broad pro-

tection should address the diversity of the main immunogenic determinants

of the S protein (Zhou et al., 2013a). For example, SARS-CoV-specific

domain in the S protein was found to contain an epitope (80R) that critically

determines the sensitivity of a given virus to neutralizing antibodies specific

for this epitope. Variants of this epitope have been found in SARS-like-

CoVs from civet cats and in human SARS-CoVs that evolved during the

epidemics. While the majority of SARS-CoVs from the first outbreak were

sensitive to the 80R-specific antibody, the GD03 strain isolated from the

index patient of the second outbreak was resistant, confirming the impor-

tance of the S protein’s natural antigenic variability in eliciting neutralizing

antibody responses (Sui et al., 2005).

The SARS-CoV S glycoprotein is a major target of protective immunity

in vivo. Two specific human mAbs recognizing the S protein exhibited

potent cross-reactivity against isolates from the two SARS outbreaks and

palm civets, but not bat strains (Zhu et al., 2007). A combination of two

neutralizing mAbs could prevent the emergence of neutralization escape

mutants or at least attenuate viral virulence in vivo. However, although

neutralizing mAbs directed against epitopes located at the interface bet-

ween the viral S protein and its cellular receptor, angiotensin-converting

enzyme 2 (ACE2), proved to have great potency and breadth in neutra-

lizing multiple viral strains (Sui et al., 2014), both the single and combined

use of one or two mAbs, respectively, failed to prevent the emergence of

antibody escape variants. Therefore, the use of one or two neutralizing

mAbs that target a structurally flexible SARS-CoV epitope may be of

limited value for in vivo immunotherapies and should be combined with

neutralizing mAbs that bind a second conserved epitope with low structural

plasticity.

1.5 Animal Models for CoV Vaccine and Antivirals Studies
Suitable animal models that reproduce the pathology caused by human

CoVs are required for studies of pathogenesis and vaccine testing. Unfortu-

nately, no appropriate animal models have been developed to date for any of

the four common human CoVs. A transgenic (Tg) mouse model expressing
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human aminopeptidase N was generated for HCoV-229E but was not suit-

able for pathogenesis studies as it was based on immunodeficient Stat1–/–

mice (Lassnig et al., 2005). A mouse model has been extensively used for

studies of HCoV-OC43, as this human CoV causes lethal infections in mice

(Jacomy and Talbot, 2003). However, following inoculation of mice with

respiratory isolates of HCoV-OC43, the virus was found to adapt rapidly to

grow in brain tissue, while viral RNA remained nearly undetectable in the

lung (Butler et al., 2006; St-Jean et al., 2004), suggesting that the model does

not reproduce the respiratory pathology seen in humans, limiting its value

for studies of virus-induced pathology.

The use of animal models for SARS-CoV andMERS-CoV for studying

pathology in humans has been recently reviewed, including clinical symptoms,

viral replication, and pathology in humans, nonhuman primates (NHPs), rab-

bits, ferrets, marmosets, hamsters, and mice (Gretebeck and Subbarao, 2015;

van Doremalen and Munster, 2015). Additional models for MERS-CoV

based on dromedary camels and other animal species have also been reported

(Falzarano et al., 2014; Haagmans et al., 2016; van Doremalen and Munster,

2015). Their large size and the lack of clear clinical signs of disease make

camels a less suitable model for studying MERS-CoV pathology. Marmosets

show clinical signs following infection with MERS-CoV virus but, in this

case, research animals and appropriate reagents suitable to characterize the

immune response are scarce or not available, limiting the use of this model

system (van Doremalen and Munster, 2015). Hamsters cannot be naturally

infected by MERS-CoV, largely preventing their use as an animal model.

MERS-CoV S protein-mediated binding to its receptor, human dipeptidyl

peptidase-4 (DPP4), involves interactions with 14 amino acid residues.

Appropriate replacements of five residues that differ between hamster and

human DPP4 render the hamster DPP4 a functional receptor for MERS-

CoV (van Doremalen et al., 2014). Thus far, Tg hamsters have not been

used due to the lack of specific gene targeting tools. With the availability of

the CRISPR-Cas9 system, the situation may now change and hamsters

susceptible to MERS-CoV might be developed but their suitability as animal

models of MERS-CoV-induced disease remains unclear at present.

MERS-CoV is able to infect rabbits but does not cause histopathology

or clinical symptoms although the virus can be detected in lungs. The virus

is shed from the upper respiratory tract, providing a possible route of

MERS-CoV transmission in this animal species (Haagmans et al., 2015).

Clearly, the large size of rabbits also limits their use in BSL-3 containment

laboratories.
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Mice are an ideal model for pathogenesis studies of many viruses because

of their small size and the availability of suitable genomic and immunological

reagents. A key difference between SARS-CoV and MERS-CoV is that

SARS-CoV infects several strains of mice, whereas MERS-CoV does not

(Coleman et al., 2014b; Gretebeck and Subbarao, 2015). A standard proce-

dure was the adaptation of SARS-CoV and MERS-CoV to grow in mice

and reproduce the disease caused in humans. This strategy was directly

applied in the case of SARS-CoV using conventional mouse strains without

the need for Tg mice expressing the human ACE2 receptor (Day et al.,

2009; Frieman et al., 2012; Roberts et al., 2007). Mouse-adapted SARS-

CoV obtained by passing the virus 15 times in mice (SARS-CoV-MA15)

has been an excellent model as it reproduces very well the pathology caused

by SARS-CoV in humans, including mortality (DeDiego et al., 2011,

2014b). In contrast, in the case of MERS-CoV, the virus was grown in

Tg or knockin humanized mice susceptible to MERS-CoV (K. Li,

P. McCray, and S. Perlman, 2016, personal communication).

The first type of MERS-CoV-susceptible mice includes Tg mice that

express hDPP4, the virus receptor, using promoters such as those from sur-

factant protein C, cytokeratin 18 (Li et al., 2016), or cytomegalovirus (Tao

et al., 2015). In these mice, the LD50 has been estimated to be<10 TCID50

of MERS-CoV. Although MERS-CoV grows almost equally well in the

lungs and the brain in these Tg mice, these animals proved to be very useful

for protection studies (Agrawal et al., 2015; Zhao et al., 2015a). In some Tg

mouse strains, in which the hDPP4 was expressed under control of the sur-

factant protein C promoter, the virus was found to grow primarily in the

lung, which might extend their use to viral pathogenesis studies (C. Tseng,

2016, personal communication).

The other type of MERS-CoV-susceptible mice available to date

includes knockin strains in which 3 or 13 exons of mouse DPP4 have been

replaced with the homologous sequences from hDPP4 (Agrawal et al., 2015;

Li et al., 2016; Pascal et al., 2015). A major difference to the Tg mice

described earlier is that the mouse-adapted MERS-CoV only produced dis-

ease in knockin mice after the virus has been passed 30 times in the knockin

mouse (K. Li, P. McCray, and S. Perlman, 2016, personal communication),

whereas the LD50 of MERS-CoV in these mice was around 104 pfu/

mouse. Another mouse lineage was generated using CRISPR-Cas9 tech-

nology by altering mDPP4 amino acid residues 288 and 330 that are known

to interact with the MERS-CoV S protein, leading to mice that closely

reproduced the disease observed in humans, including mortality. In this case,
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the LD50was around 106 pfu/mouse (A. Crockrell andR. Baric, 2016, per-

sonal communication), significantly higher than that observed in the

knockin mice (Cockrell et al., 2014; Peck et al., 2015; van Doremalen

and Munster, 2015) and (K. Li, P. McCray, and S. Perlman, 2016, personal

communication). Interestingly, all knockin mice and those generated with

the CRISPR technology supported MERS-CoV replication in the lungs,

making them extremely useful models for pathogenesis studies.

An alternative approach for the rapid generation of a mouse model

for MERS-CoV has been the transduction of mice with adenoviral

vectors expressing the human host-cell receptor DPP4 (Zhao et al.,

2014a). These mice developed a pneumonia characterized by extensive

inflammatory cell infiltration, with virus clearance occurring 6–8 days after

infection. Using these mice the efficacy of a therapeutic intervention

(poly I:C) and a potential vaccine based on Venezuelan equine encephalitis

(VEE) virus has been demonstrated (Zhao et al., 2014a). An important

advantage of this approach is that it may be rapidly adapted to other

viruses that may emerge in the future, especially in cases in which a suitable

mouse model is not available.

2. SUBUNIT, INACTIVATED, AND VECTORED VACCINES

2.1 Subunit Vaccines
Vaccines based on recombinant MERS-CoV S protein, in particular its

RBD, have demonstrated partial efficacy in protecting immunized

macaques fromMERS-CoV infection, reducing pneumonia, and viral titers

(Lan et al., 2015). Several fragments of the MERS-CoV S protein were

found to induce MERS-CoV neutralizing antibody responses in mice

and rabbits (Du et al., 2013; Jiang et al., 2014; Ma et al., 2014b; Mou

et al., 2013), similar to what has been shown previously for SARS-CoV

(Du et al., 2008; Wang et al., 2012). The fragment-containing residues

377–588 of MERS-CoV proved to be sufficient to protect Ad5/hDPP4-

transduced and hDPP4-Tgmice against MERS-CoV. The immunogenicity

of this fragment was further improved, resulting in strong humoral and cel-

lular immune responses, by linking the fragment to human Fc and using an

adjuvant (Tang et al., 2015; Zhang et al., 2016). These reports confirm that

the MERS-CoV S protein is very well suited for the development of

MERS subunit vaccines. The full-length S protein contains several non-

neutralizing immunodominant domains that may compromise the
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immunogenicity of major neutralizing domains or induce harmful immune

responses as demonstrated for the S protein of SARS-CoV (Weingartl et al.,

2004). Intranasal vaccination with the RBD domain of the MERS-CoV

S protein induced much stronger local mucosal immune responses in the

lung than subcutaneous immunization (Ma et al., 2014a). Other studies

showed that full-length monomeric or trimeric recombinant SARS-CoV

and MERS-CoV S proteins are able to induce protective responses in mice

(Honda-Okubo et al., 2015; Li et al., 2013) and the presentation of MERS-

CoV full-length S protein as nanoparticles in combination with appropriate

adjuvants elicits neutralizing antibodies in immunized mice (Coleman et al.,

2014a).

Alternatively, DNA vaccines expressing full-length S protein or smaller

fragments are effective against MERS-CoV infection. An optimized DNA

vaccine encoding the full-length S protein of MERS-CoV elicited antigen-

specific neutralizing antibodies in mice, camels, and rhesus macaques, with

six of eight vaccinated macaques showing no radiographic evidence of infil-

tration after MERS-CoV challenge (Muthumani et al., 2015). Potent

antigen-specific cellular immune responses were induced in the immunized

macaques, suggesting that T-cell responses may also play a role in MERS-

CoV protection. Two companies actively working to develop MERS-CoV

DNA vaccines (Inovio Pharmaceuticals Inc., Philadelphia, USA and Gen-

eOne Life Science, Seoul, Korea) will soon perform a Phase I clinical trial

for this DNA-based vaccine (Inovio News Release, http://ir.inovio.com/

news/news-releases/news-releases-details/2015/Inovio-Pharmaceuticals-

Partners-with-GeneOne-Life-Science-for-MERS-Immunotherapy-Clinical-

Development/default.aspx).

In addition to the DNA-only strategy, DNA priming and protein boo-

sting could be an alternative vaccination approach for MERS-CoV. It was

shown that priming of mice and NHPs with DNA encoding the full-length

S gene and boosting with the S1 subunit protein-induced robust neutralizing

antibody responses against several MERS-CoV strains and protected NHPs

from MERS-CoV challenge (Wang et al., 2015).

Chimeric virus-like particles (VLPs) containing SARS-CoV S protein and

influenza matrix protein 1 protected mice against challenge with SARS-CoV

(Liu et al., 2011) and may induce strong immune responses due to its poly-

meric nature. To increase their efficacy, subunit vaccines or VLPs have to

be administered together with adjuvants (Bolles et al., 2011; Tseng et al.,

2012). Subunit vaccines only include subviral components that do not repre-

sent the full antigenic complexity of the virus, resulting in limited protective
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efficacy due to limited Th1-mediated immune responses and, in some cases,

unbalanced immune responses that may lead to immunopathology.

2.2 Vaccines Based on Inactivated Whole Virus
Many vaccines based on chemically inactivated SARS-CoV virions have

been evaluated in animal models such as hamsters, mice, ferrets, and NHPs

(Bolles et al., 2011; Iwata-Yoshikawa et al., 2014; Roberts et al., 2010;

Tseng et al., 2012). In all cases, production of neutralizing antibodies with

different levels of protection was observed. Challenge of mice with SARS-

CoV was reported to cause Th2-type immunopathology, suggesting that

SARS-CoV components induced hypersensitivity. Further studies

suggested that the immunopathology leading to eosinophilia was linked,

at least in part, to the viral nucleoprotein (Bolles et al., 2011). Also, immu-

nization with oligomers of the SARS-CoV S protein were shown to pro-

mote eosinophilia following viral challenge in different animal model

systems (Tseng et al., 2012), suggesting that potential side effects of vaccines

based on inactivated SARS-CoV or MERS-CoV should be carefully eval-

uated prior to use in humans. Moreover, inactivated whole-virus vaccines

raise biosafety concerns due to the risk of vaccine preparations containing

infectious virus. To minimize this risk, genetically attenuated viruses may

be used as the starting point for the production of killed virus inactivation.

2.3 Vectored Vaccines
Vectored vaccines are generally based on vectors with a proven safety

record. These vaccines allow production and release of immunogenic anti-

gens from infected cells for a limited period of time. Vectors based on viruses

from different families (poxvirus, adenovirus, measles, and togavirus (VEE))

have been used in the development of vaccines for CoVs. In the case of

MERS-CoV, the most advanced and promising candidate is the modified

vaccinia virus Ankara (MVA), a viral vector that does not replicate in mam-

malian cells and, therefore, holds great promise as a vaccine platform

(Altenburg et al., 2014; Haagmans et al., 2016; Song et al., 2013; Volz

et al., 2015). Using this vector, S protein fragments of different length were

expressed: full-length, extracellular S1 domain, or the RBD. In all cases,

neutralizing antibodies and T-cell responses for MERS-CoV were induced.

One of these vectors induced mucosal immunity and reduced the shedding

of MERS-CoV by a factor of one thousand after challenge with the virulent

virus in dromedary camels, thus preventing spread from the animal reservoir
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(Haagmans et al., 2016). AnMVA-vectored vaccine will be entering clinical

trials in 2016 supported by the German Center for Infection Research

(DZIF) (Paddock, 2015).

A second, more advanced vectored vaccine is based on recombinant ade-

novirus expressing S protein fragments of different size (Guo et al., 2015;

Kim et al., 2014; Shim et al., 2012). Sublingual immunization with a recom-

binant adenovirus encoding SARS-CoV S protein induced systemic and

mucosal immunity in a mouse model system (Shim et al., 2012). Systemic

and mucosal immunity were also elicited in mice by single immunization

with human adenovirus type 5 or 41 vector-based vaccines carrying the

S protein of MERS-CoV (Guo et al., 2015).Whether or not, these immune

responses confer protection against viral infection remains to be evaluated.

Immunization with measles virus vectors expressing the SARS-CoV

S protein induced neutralizing antibodies and strong Th1-biased responses,

a hallmark of live-attenuated viruses and a highly desirable feature for an ant-

iviral vaccine (Escriou et al., 2014), though eradication of measles virus may

represent an obstacle for the application of this type of vaccines. VEE rep-

licon particles expressing the SARS-CoV S protein provided protection

against lethal homologous and heterologous challenge in an aged mice

model (Sheahan et al., 2011).

Therefore, in principle, several well-known vectors offer the possibility

of protection against CoV infection. Although these vectors are based on

live viruses with a reasonable record of safety, they are limited to presenting

one or a reduced number of CoV antigens to the immune system, in contrast

to live vaccines based on the whole, attenuated CoV.

3. LIVE-ATTENUATED VACCINES

We consider it likely that the main strategy for producing more effi-

cacious vaccines in the near future will be based on live-attenuated vaccines

that lack specific virulence markers. The most rapid laboratory responses

involved in vaccine generation is usually achieved by using subunit vaccines,

whole-inactivated virus, or by the construction of vectored vaccines. Suc-

cessful protection is frequently associated with the generation of a strong

neutralizing immune response. Nevertheless, control of virus emergence

with this type of vaccines frequently fails due to the relatively low titers

and short-lived duration of neutralizing antibody responses and, at times,

due to induction of immune pathogenesis including eosinophilia reactions.

In contrast, live-attenuated vaccines have a long history of success and are
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generally more immunogenic than nonreplicating vaccines, because they

produce a comprehensive spectrum of native viral antigens over a prolonged

time span, presenting antigens to the immune system as in natural infections.

For virus attenuation, we favor modern approaches that may overcome

reversion to virulence, as described later.

3.1 Strategies to Engineer Attenuated CoVs as Vaccine
Candidates

An alternative approach to the design of attenuated viruses as vaccine

candidates that several laboratories have followed is the identification of

virulence-associated viral genes (DeDiego et al., 2014a; Stobart and

Moore, 2015; Totura and Baric, 2012) that, in many cases, encode non-

essential immunomodulatory proteins. Modification or deletion of these

genes leads to the generation of attenuated viruses that may be useful as

vaccine candidates. Our laboratory has used this strategy extensively to

generate CoV vaccines. Also, other groups have used this approach suc-

cessfully to produce vaccine candidates for influenza, respiratory syncytial

virus, measles, dengue, and mumps (Kirkpatrick et al., 2016; Stobart and

Moore, 2015).

Engineering attenuated CoVs as vaccine candidates requires the avail-

ability of reverse-genetics systems suitable to introduce deletions of

(or mutations in) virulence genes as well as appropriate animal models for

the evaluation of efficacy and safety of these candidate vaccines. To date,

no vaccines have been developed for common humanCoV infections. Nev-

ertheless, infectious cDNA clones have been engineered for the three

human CoVs that can be efficiently propagated in tissue culture: HCoV-

229E, HCoV-OC43, and HCoV-NL63 (Donaldson et al., 2008; St-Jean

et al., 2006; Thiel et al., 2001). Similarly, infectious cDNA clones have been

generated for SARS-CoV (Almazan et al., 2000; Yount et al., 2003) and

MERS-CoV (Almazan et al., 2013; Scobey et al., 2013), providing an excel-

lent basis for the rational development of live-attenuated vaccines based on

recombinant viruses.

3.2 Coronavirus Virulence
Virulence of CoVs is generally associated with specific virulence genes that,

in most cases, antagonize cellular innate immune responses but are nor

required for efficient virus replication. CoV infection affects many host-cell

pathways that modulate pathogenesis. Innate immune response is the first
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line of host-cell defense against viruses, and any viral factor modulating this

pathway may have a strong impact on pathogenesis. CoV proteins nsp3, 4,

and 6 are actively involved in the formation of host membrane vesicles and

structures that affect CoV replication and evasion of the immune system by

hiding the double-stranded RNA (dsRNA) generated during virus replica-

tion (Angelini et al., 2013). Pathogen-associated molecular patterns

(PAMPs), such as ssRNA, dsRNA, or viral proteins, trigger the activation

of transcription factors leading to proinflammatory cytokines and type I IFN

induction. PAMPs activate protein kinase RNA-activated, which leads to

translation initiation factor eIF2 phosphorylation and inhibition of host

translation, and 20-50 oligoadenylate synthase (OAS), which triggers RNase

L and RNA degradation (Fig. 2). The activation of cytoplasmic sensors

RIG-I and MDA-5 triggers the upregulation of IFN regulatory factors

(IRF)-3 and IRF-7, and nuclear factor kappa-light-chain-enhancer of acti-

vated B cells (NF-kB) through mitochondrial antiviral-signaling protein

(Fig. 2). In addition, Toll-like receptors (TLRs) activate the MyD88

response protein and adaptor molecule TRIF-dependent pathways, which

also upregulate transcription factors IRF-3, IRF-7, NF-kB, and activator

protein 1 (AP-1) (Fig. 2) (DeDiego et al., 2014a). Some CoV proteins

act as IFN antagonists by inhibiting its production or signaling (Fig. 2)

(DeDiego et al., 2014b; Totura and Baric, 2012; Zhong et al., 2012). Potent

cytokines involved in controlling viral infections and priming adaptive

immune responses are generated in response to CoV infection (Totura

and Baric, 2012; Zhou et al., 2015). However, uncontrolled induction of

these proinflammatory cytokines can also increase pathogenesis and disease

severity as described for SARS-CoV and MERS-CoV (DeDiego et al.,

2011, 2014a,b; Selinger et al., 2014). The cellular pathways mediated

by IRF-3, IRF-7, activating transcription factor (ATF)-2/jun, AP-1,

NF-kB, and nuclear factor of activated T cells, are the main drivers of

the inflammatory response triggered after SARS-CoV infection, with the

NF-kB pathway most strongly activated (DeDiego et al., 2011). CoV pro-

teins that elicit this type of innate immune response may be modified to

generate attenuated viruses suitable for vaccine development.

3.3 IFN Sensitivity of Human CoVs
Human CoVs are able to suppress IFN induction to different extents and, in

general, are sensitive to the addition of exogenous IFN (Kindler et al., 2013).

SARS-CoV in particular is highly resistant to the antiviral state induced by
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IFN treatment, suggesting that it possesses many mechanisms to counteract

IFN-induced antiviral responses (Zielecki et al., 2013).

The betacoronavirus HCoV-OC43 is an exception for the sensitivity of

human CoVs to IFN, as infection of certain cell types by this virus is favored

Fig. 2 Innate immunity signaling pathways affected by human CoV proteins. The main
pathways leading to IFN and proinflammatory cytokine production are represented in
the figure. These signaling routes are activated by dsRNA, which acts as a pathogen-
associated molecular pattern (PAMP). The viral proteins affecting these pathways are
indicated in the dark blue boxes. SARS, SARS-CoV; MERS, MERS-CoV; 229E, HCoV-229E;
OC43, HCoV-OC43; NL63, HCoV-NL63.
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in the presence of exogenous IFN. A possible explanation for this observa-

tion may be that HCoV-OC43 uses IFN-inducible transmembrane

(IFITM) proteins 2 and 3 for cell entry (Zhao et al., 2014b). Interestingly,

IFITM3-mediated antiviral activity was observed for the alphacoronaviruses

HCoV-229E and HCoV-NL63, but not for the betacoronaviruses SARS-

CoV and MERS-CoV (Wrensch et al., 2014), suggesting that IFITM pro-

teins may have a positive effect on all betacoronavirus infections.

3.4 Innate Immunity Modulators Encoded by Common Human
CoVs

A number of nsps have been implicated in human CoV pathogenesis, such as

nsp1, nsp3, and nsp16, and, possibly, might be used to produce highly atten-

uated strains of common human CoVs as vaccine candidates.

Nsp1 protein is only encoded by members of the Alphacoronavirus and

Betacoronavirus genera, with similar functions in all cases despite low-sequence

conservation. The nsp1 proteins of HCoV-229E and HCoV-NL63 inhibit

protein expression, most likely via their association with 40S ribosomal sub-

units, and they also act as IFN antagonists (Narayanan et al., 2015; Zust et al.,

2007).

The nsp3 transmembrane replicase protein contains several functional

domains (Fig. 3) that are conserved among all common human CoVs:

two papain-like proteases (PLPs), two ubiquitin-like domains, and an

ADP-ribose-100-phosphatase (ADRP) domain. A role for ADRP in patho-

genesis of human CoVs has been proposed, although it is not required for

Fig. 3 Multidomain structure of CoV nonstructural protein nsp3. The approximate
boundaries of each domain in SARS-CoV protein are indicated underneath by the amino
acid numbers in the replicase polyprotein. Ac, Glu-rich acidic domain; ADPR, ADP-ribose-
100-phosphatase (also called macrodomain or X domain); NAB, nucleic acid-binding
domain; SUD, SARS-unique domain; TM1–TM4, transmembrane domains forming an
additional domain containing a metal-binding region (ZF); UBL, ubiquitin-like domain;
Y1–Y3, Y domains preceding the C-terminal PLP cleavage sequence at nsp3/4.
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viral growth in cell culture. HCoV-229E and SARS-CoV mutants lacking

ADRP activity grow to similar titers compared to wild-type viruses in

MRC-5 and Vero cells, respectively (Kuri et al., 2011; Putics et al., 2005).

ADRP-deficient mutants of mouse hepatitis virus (MHV) were attenuated

in vivo, most probably due to deficient induction of proinflammatory

responses (Eriksson et al., 2008). ADRPmutants of HCoV-229E and SARS-

CoV were reported to be more sensitive to IFN compared to wild-type

viruses, suggesting that ADRP activity is involved in counteracting IFN activ-

ity (Kuri et al., 2011).

The PLP domains of nsp3 have also been linked to the modulation of

innate immune response. The HCoV-NL63 PLP2 domain has been exten-

sively characterized and acts as an IFN antagonist (Clementz et al., 2010), and

apart from its PLP activity, it has deubiquitinating (DUB) and deISGylating

activity (Chen et al., 2007; Clementz et al., 2010). HCoV-NL63 PLP2 DUB

activity seems to be involved in modulation of NF-kB activation (Clementz

et al., 2010) and p53-mediated modulation of IFN production (Takaoka

et al., 2003). PLP2 deubiquitinates the cellular protein MDM2, leading to

p53 proteasomal degradation and, as a consequence, decreased IFN produc-

tion (Yuan et al., 2015).

Nsp16 has ribose 20-O-methyltransferase (20-O-MTase) activity that is

required to produce the 50 cap1 structures on viral RNAs. The methylation

proved to be important to avoid viral RNA to be recognized as being

“nonself” by the host-cell sensor MDA5 and subsequent activation of cel-

lular innate immune responses. HCoV-229E mutants that lack 20-O-MTase

activity replicated to 102-fold lower titers than the wild-type virus in

MRC-5 cells, confirming the relevance of nsp16 activity. Moreover, the

20-O-MTase mutant was more sensitive to treatment with type I IFN,

and macrophages infected with the mutant virus produced more type

I IFN than those infected with the parental virus (Zust et al., 2011). The

role of nsp16 in modulation of innate immunity seems to be conserved

among all CoVs, as similar results were obtained for MHV and SARS-

CoV, and a SARS-CoVmutant lacking 20-O-MTase activity was attenuated

in vivo (Menachery et al., 2014).

CoVs contain a variable number of genus-specific genes that have been

implicated in modulation of pathogenesis. In fact, all common human CoVs

contain a genus-specific gene located between the S and envelope (E) genes,

named ORF4 (HCoV-229E and HCoV-HKU1), ORF3 (HCoV-NL63),

or ns12.9 (HCoV-OC43) (Fig. 1). These genes encode transmembrane pro-

teins that differ significantly in both their sequences and predicted structures
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(Muller et al., 2010; Zhang et al., 2014b, 2015), but may have related func-

tions, such as ion channel activity and morphogenesis (Donaldson et al.,

2008; Zhang et al., 2014b, 2015). In fact, the SARS-CoV 3a protein,

HCoV-NL63 protein 3, and the HCoV-229E 4a protein are each able to

complement in trans the absence of HCoV-OC43 ns12.9 protein (Zhang

et al., 2015). The proteins are not essential for viral growth in cell culture

but virus yield is increased between 6- and 25-fold if the protein is expressed

(Zhang et al., 2014b, 2015). Also, there is evidence that these protein homo-

logs may play an important role in vivo. For example, all clinical isolates of

HCoV-229E contain a full-length ORF4, while in cell culture-adapted

strains, this gene is spontaneously divided into twoORFs, 4a and 4b, or rep-

laced by a truncated ORF encoding only the first transmembrane domain

(Dijkman et al., 2006). Recombinant HCoV-NL63-△3 virus grows to a

10-fold lower titer than the parental virus in primary human airway epithe-

lium (HAE) culture (Donaldson et al., 2008). Finally, a recombinant HCoV-

OC43-△ns12.9 virus was attenuated in vivo (Zhang et al., 2015). These

results suggest that ORF3 genes can be modified for the generation of atten-

uated viruses that may be used as vaccine candidates.

The HCoV-OC43 ns2 gene is predicted to encode a 20-50-phosphodi-
esterase (PDE) based on its homology to the MHV ns2 gene (Roth-Cross

et al., 2009). The MHV ns2 protein-mediated PDE activity interferes with

theOAS-RNase L pathway, affecting pathogenesis by counteracting cellular

innate immune responses (Zhao et al., 2012). Moreover, the absence of ns2

PDE activity can be complemented by other viral or cellular PDEs (Zhang

et al., 2013).

Common human betacoronaviruses encode a hemagglutinin-esterase

(HE) gene (Fig. 1). TheHE protein is a transmembrane protein that is incor-

porated in the viral envelope, acting as a receptor-destroying enzyme with a

role in viral entry (Huang et al., 2015). Interestingly, HCoV-OC43 mutants

that lack the HE gene or encode an inactive HE protein produced

replication-competent propagation-defective viruses (Desforges et al.,

2013). These viruses, in principle, may be useful as vaccine candidates.

3.5 SARS-CoV Genes as Modulators of the Innate Immune
Response

SARS-CoV encodes many known immunomodulatory proteins, such as

nsp1, nsp3, nsp14, membrane (M), E, and nucleocapsid (N) (Fig. 2)

(DeDiego et al., 2011, 2014a; Totura and Baric, 2012; Zhong et al.,

2012). Modification or deletion of some of them may lead to attenuated
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viruses that could be used as live vaccine candidates. Many of these proteins

also specifically inhibit cellular signaling pathways associated with the innate

immune response.

It is generally thought that deletion or genetic modification of SARS-

CoV genes encoding proteins that have IFN antagonist activity or other viral

defense mechanisms, such as nsp1, nsp3, nsp16, M, 3b, 6, and N, will result

in attenuated viruses, as has been shown for SARS-CoV nsp1 (Jimenez-

Guardeno et al., 2015) and nsp16 mutants, respectively (Menachery

et al., 2014).

As an alternative approach to produce attenuated CoVs to be used as vac-

cine candidates, the modification of viral replication fidelity has been pro-

posed (Graham et al., 2012; Smith et al., 2013). Live-attenuated RNA virus

vaccines are efficacious but subject to reversion to virulence. Among RNA

viruses, replication fidelity is recognized as a key determinant of virulence

and escape from antiviral therapy, though reduced fidelity is detrimental

for some viruses. The replication fidelity of CoVs has been estimated to

be approximately 20-fold higher than that of other RNA viruses and is

mediated by a 30!50 exonuclease (ExoN) activity (Minskaia et al., 2006)

that probably functions in RNA proofreading (Eckerle et al., 2010). It

has been demonstrated that engineered abrogation of SARS-CoV ExoN

activity results in a stable mutator phenotype with profoundly decreased

fidelity both in cell culture and in vivo, and attenuation of pathogenesis

in young, aged, and immunocompromised mice (Graham et al., 2012).

The ExoN null genotype and mutator phenotype are stable and do not

revert to virulence, even after serial passage or long-term persistent infection

in vivo. ExoN inactivation thus has potential for broad applications in the

stable attenuation of CoVs.

Our laboratory has focused on the role of virulence of the SARS-CoV

E and 3a proteins, and of theMERS-CoV E and 5 proteins, and on studying

effects of their partial or complete deletion on virus attenuation and possible

implications for vaccine development (DeDiego et al., 2007, 2011; Regla-

Nava et al., 2015). The safety of these vaccine candidates has been further

enhanced by genetic modifications of the nsp1-coding sequence

(Jimenez-Guardeno et al., 2015). The CoV E protein is 76–109 aa in length,
depending on the virus, and has diverse functions in CoV morphogenesis

and the secretory pathway (Westerbeck and Machamer, 2015). The impor-

tance of E in different CoV species and genera varies greatly, ranging from

being absolutely essential in some members of the genera Alphacoronavirus

(TGEV) and Betacoronavirus (lineage C,MERS-CoV) to having nonessential
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functions in other betacoronaviruses (MHV (lineage A), SARS-CoV (lineage

B)). In SARS-CoV, two strategies have been used to abrogate E function:

complete deletion of E protein, and the introduction of small deletions

of 8–12 aa at the E protein carboxyl-terminus (Jimenez-Guardeno

et al., 2015). A similar strategy is currently being applied to MERS-CoV

(J. Gutierrez, I. Sola, and L. Enjuanes, unpublished results). The SARS-

CoV E protein is nonessential for virus replication and dissemination, and

its deletion has led to attenuated forms of SARS-CoV that are promising vac-

cine candidates (see later).

Viral infections often induce endoplasmic reticulum (ER) stress, specif-

ically the unfolded protein response (UPR). UPR induces three main sig-

naling pathways to avoid the accumulation of proteins with altered folding

in the ER. Stress in the ER is also interconnected with the innate immune

response and other host-cell responses (Hetz, 2012). Both HCoV-OC43

and HCoV-HKU1 induce ER stress by a mechanism that is associated with

S protein expression leading to virulent CoVs in a mouse model (Favreau

et al., 2009; Siu et al., 2014a). Similarly, in the case of SARS-CoV, the

E protein has been linked to virulence and the induction of UPR

(DeDiego et al., 2011).

E protein has a major role in inflammasome activation and the associated

exacerbated inflammation elicited by SARS-CoV in the lung parenchyma

(Nieto-Torres et al., 2014). This exacerbated inflammation causes edema

leading to acute respiratory distress syndrome and, frequently, to the death

of experimentally infected animals or human patients. The E protein is a vir-

oporin that conducts Ca2+ ions. Changes in intracellular Ca2+ concentra-

tion, mediated by E protein ion channel activity, are responsible for

inflammasome activation (Nieto-Torres et al., 2015). Elimination of ion

channel activity by the introduction of aa substitutions within the trans-

membrane domain of E protein led to virus attenuation (Nieto-Torres

et al., 2014).

At its carboxyl-terminus, the E protein contains another virulence factor,

a PDZ domain-binding motif (PBM) that, during SARS-CoV infection,

could potentially target more than 400 cellular proteins containing PDZ

domains with possible effects on viral pathogenicity. Interestingly, deletion

or modification of the E protein PBM resulted in attenuated SARS-CoVs

that are good vaccine candidates (Jimenez-Guardeño et al., 2014; Regla-

Nava et al., 2015).

Deletion of full-length E protein led to the attenuation of SARS-CoV

in several animal models (Lamirande et al., 2008; Netland et al., 2010).
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The immunogenicity and protective efficacy of a live-attenuated vaccine

based on a recombinant SARS-CoV lacking the E gene (rSARS-CoV-Δ
E) was first studied using hamsters. After immunization with rSARS-

CoV-ΔE, hamsters developed high serum neutralizing antibody titers and

were protected from challenge with homologous (SARS-CoV Urbani)

and heterologous (GD03) SARS-CoV in the upper and lower respiratory

tract. Deletion of the E protein modestly diminished viral growth in cell cul-

ture but abrogated virulence in mice (Netland et al., 2010). We have shown

that immunization with rSARS-CoV-ΔE almost completely protected

BALB/c mice from fatal respiratory disease caused by mouse-adapted

SARS-CoV, and partly protected hACE2 Tg mice from lethal disease,

although hACE2 Tg mice, which express the human SARS-CoV receptor,

were extremely susceptible to infection. Furthermore, we also showed that

rSARS-CoV-ΔE induces antiviral T-cell and antibody responses. To

improve vaccine efficacy, we engineered and adapted rSARS-CoV to effi-

ciently grow in mice (rSARS-CoV-MA15). To this end, we incorporated

six nucleotide substitutions into the SARS-CoV genome (Frieman et al.,

2012; Roberts et al., 2007) using our reverse-genetics system based on bac-

terial artificial chromosomes. Using the rSARS-CoV-MA as a backbone

genome, a second set of E-deletion vaccine candidates was generated

(Fett et al., 2013). rSARS-CoV-MA15-ΔE was safe, causing no disease

in 6-week-, 12-month-, or 18-month-old BALB/c mice. Immunization

with this virus completely protected mice at three ages from lethal disease

and induced a more rapid virus clearance. Compared to rSARS-CoV-Δ
E, rSARS-CoV-MA-ΔE immunization elicited significantly greater neu-

tralizing antibody titers and virus-specific CD4+ andCD8+ T-cell responses.

After challenge, inflammatory cell infiltration, edema, and cell destruction

were decreased in the lungs of rSARS-CoV-MA15-ΔE-immunized mice,

compared to those from rSARS-CoV-ΔE-immunized 12-month-old mice,

suggesting that this mouse-adapted virus is a safe candidate vaccine.

To identify E protein domains that contribute to SARS-CoV-MA15-Δ
E attenuation, several rSARS-CoVs with mutations or deletions in the

E protein were generated. Substitutions in the amino terminus or deletion

of regions in the internal and carboxy-terminal regions of the E protein led

to virus attenuation (Regla-Nava et al., 2015). Attenuated viruses induced

minimal lung injury, diminished edema, limited neutrophil influx, and

increased CD4+ and CD8+ T-cell counts in the lungs of BALB/c mice,

compared to animals infected with the wild-type virus. The attenuated

viruses completely protected mice against challenge with the lethal parental
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virus, considerably increasing the survival of infected animals and indicating

that these viruses are promising vaccine candidates.

Ideally, a vaccine should provide full protection, and this was the case for

the SARS-CoV vaccine candidate that was engineered by deleting the full-

length E protein. Nevertheless, a good vaccine must also be genetically sta-

ble, and the initial rSARS-CoV-ΔE vaccine was unstable both in cell culture

and in vivo. In fact, this mutant virus regained fitness after serial passage in

cell culture, resulting in the partial duplication of the membrane gene, and

while the chimeric protein increased viral fitness in vitro, the virus remained

attenuated in mice. When the full-length E gene was deleted or its PBM

coding sequence mutated, revertant viruses either evolved a novel chimeric

gene including PBM or restored the sequence of the PBM in the E protein,

respectively (Jimenez-Guardeno et al., 2015). During SARS-CoV-ΔE pas-

sage in mice, the virus incorporated a mutant variant of the 8a protein

including a PBM, resulting in reversion to a virulent phenotype. These data,

and additional evidence, led us to conclude that the virus requires a PBM on

a transmembrane protein to compensate the removal of this motif from the

E protein (Jimenez-Guardeno et al., 2015). Therefore, to increase the

genetic stability of the vaccine candidate, we introduced small attenuating

deletions in the E gene that did not affect the endogenous PBM, preventing

the selection of revertants incorporating novel PBMs into the virus genome

and leading to a genetically and functionally stable vaccine candidate. To

further increase vaccine safety, we introduced additional attenuating amino

acid substitutions in the nsp1 protein. Recombinant viruses including atten-

uating mutations in the E and nsp1-coding sequences maintained their

attenuation after passage in vitro and in vivo. Furthermore, these viruses

fully protected mice against challenge with the lethal parental virus, and

are therefore safe and stable vaccine candidates for protection against SARS-

CoV (Jimenez-Guardeno et al., 2015).

3.6 MERS-CoV Genes as Modulators of the Innate Immune
Response

The relevance of MERS-CoV proteins in modulating cellular innate

immune responses varies depending on the experimental approach used.

Two main strategies have been applied, either the expression of individual

virus proteins or the deletion of appropriate protein-coding sequences from

the full-length virus genome. Using the first approach, overexpressing

MERS-CoV proteins in human 293T transfected cells, the structural, and

accessory proteins M, 4a, 4b, and 5 were identified as potential IFN
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antagonists (Matthews et al., 2014; Yang et al., 2013). In contrast, when the

role of these virus proteins was analyzed in cells infected with MERS-CoV

deletion mutants in which individual genes (3, 4a, 4b, and 5, respectively)

were deleted, it was observed that, among these proteins, 4b was the major

antagonist of the innate immune response induction (J. Canton, S. Perlman,

L. Enjuanes, and I. Sola, 2016, unpublished results). Deletion of ORF4a

resulted in a MERS-CoV mutant with increased INF sensitivity. The effect

may be associated with the dsRNA-binding domain of the 4a protein that

was shown to interact with PACT in an RNA-dependent manner; thereby,

reducing the activation of RIG-I and MDA5 in overexpression assays (Siu

et al., 2014b). Also, the combined deletion of the accessory genes 3, 4a, 4b,

and 5 in a recombinant MERS-CoV (rMERS-CoV-ΔORF3-5) showed a

1–1.5 log reduction in viral titer compared with the full-lengthMERS-CoV

(Scobey et al., 2013). Therefore, engineeringMERS-CoVwith deletions in

one or more genes could lead to promising vaccine candidates.

The complete deletion of the E gene in MERS-CoV led to the gener-

ation of replication-competent propagation-defective viruses that are prom-

ising vaccine candidates (Almazan et al., 2013). Because E protein induces

cell apoptosis (An et al., 1999; DeDiego et al., 2011), the establishment of

stable cell lines constitutively expressing this protein to complement viruses

lacking E protein has not been possible. To overcome this limitation, we

have generated packaging cell lines that transiently express E protein in

an inducible manner and used them to grow replication-competent

propagation-defective MERS-CoV-ΔE (J. Gutierrez-Alvarez, I. Sola, and

L. Enjuanes, 2016, unpublished results). Additionally, fully stable trans-

formed mammalian cells were generated in which E protein expression

was under the control of an optimized Tet-On system for doxycycline-

inducible gene expression, drastically reducing leaky expression (Das

et al., 2016; Markusic et al., 2005) and (J. Gutierrez, I. Sola, and L. Enjuanes,

2016, unpublished results).

In an alternative strategy, replication- and propagation-efficient rMERS-

CoVs were generated that expressed a slightly shortened E protein lacking

8–12 aa at the carboxyl-terminus, as previously reported for SARS-CoV vac-

cine candidates (J. Gutierrez-Alvarez, S. Perlman, I. Sola, and L. Enjuanes,

2016, unpublished results). Thus, the lessons learned from previous SARS-

CoV vaccine biosafety studies, such as the use of attenuated viruses expressing

a shortened E protein (see earlier), may also be applicable to engineering

MERS-CoV vaccines.
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MERS-CoV replicase proteins nsp1, nsp3, and, possibly, nsp14, may

also interfere with the signaling pathways associated with the innate

immune response through different mechanisms (Lokugamage et al.,

2015; Yang et al., 2014). Therefore, modification or deletion of the rep-

licase gene sequences encoding these proteins may also lead to the gener-

ation of attenuated viruses. Similar to nsp1 of SARS-CoV, which inhibits

host gene expression at the translational level, it has been reported that

MERS-CoV nsp1 exhibits a conserved function, inhibiting host mRNA

translation and inducing host mRNA degradation. This information could

be exploited to produce MERS-CoV vaccine candidates (Lokugamage

et al., 2015).

As in the common human CoVs, SARS-CoV and MERS-CoV PLPs

have deISGylating and DUB activities and act as interferon antagonists

(Barretto et al., 2005; Chen et al., 2007; Clementz et al., 2010; Frieman

et al., 2009; Ratia et al., 2006; Zheng et al., 2008). Mutations introduced

into the MERS-CoV PLP coding sequence to specifically disrupt

ubiquitin binding without affecting viral polyprotein cleavage led to

PLP variants without DUB activity that lost their wild-type ability to

inhibit IFN-β promoter activation in reporter assays. These findings

directly implicate DUB and deISGylating functions of PLP in the inhibi-

tion of IFN-β promoter activity, and such modification may lead to

attenuated MERS-CoV. In addition, PLP catalytic activity was required

by both MERS-CoV and SARS-CoV to reduce induction of endoge-

nous proinflammatory cytokines in infected cells (Mielech et al., 2014),

consistent with the important functions of ubiquitination and modifica-

tion of cellular proteins by interferon-stimulated gene 15 (ISG15) in

regulating cellular innate immune pathways. On the other hand, it has

been shown that the SARS-CoV PLP interferes with the formation of

the signaling complexes including STING (stimulator of interferon genes),

TRAF3, TBK1, and IKKε; thus, preventing downstream phosphory-

lation, dimerization, and nuclear translocation of IRF3 mediated by

STING and TBK1 (Fig. 2) (Chen et al., 2014; Yang et al., 2014). This

inhibition is not dependent on the PLP catalytic activity (Chen

et al., 2014).

These studies provide valuable information on how MERS-CoV PLP-

mediated antagonism of the host innate immune response is orchestrated and

offers additional attractive options for designing attenuated viruses as vaccine

candidates.
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4. VACCINE BIOSAFETY

4.1 ADEI and Eosinophilia Induction
In general, subunit vaccines against SARS-CoV and MERS-CoV adminis-

tered with and without adjuvants provide different degrees of protection

(Haagmans et al., 2016; Jaume et al., 2012; Wang et al., 2014). However,

as mentioned earlier, these vaccines should be used with caution in humans

because of possible ADEI mechanisms, especially when antibody levels are

low. Highly concentrated antisera against SARS-CoV were shown to neu-

tralize virus infectivity, whereas dilutedmono- and polyclonal anti-S protein

antibodies both caused ADEI in human promonocyte cell cultures, leading

to cytopathic effects and increased levels of TNF-α, IL-4, and IL-6

(Haagmans et al., 2016; Jaume et al., 2012; Wang et al., 2014).

In addition, it has been documented that immunization of mice with

VLPs or inactivated virus, both in the presence or absence of adjuvant,

induced eosinophilic immunopathology in young and aged mice (Bolles

et al., 2011; Tseng et al., 2012). Using a double-inactivated SARS-CoV

vaccine, protection was observed after homologous and heterologous chal-

lenge. Protection against a nonlethal heterologous challenge was poor, and

enhanced immune pathology was comparable with that seen in SARS-CoV

N protein-immunized mice. Importantly, aged mice displayed increased

eosinophilic immune pathology in the lungs, and mice were not protected

significantly against virus replication.

The induction of immunopathology was also observed during challenge

in ferrets and NHPs immunized with candidate vaccines based on VLPs, the

whole-inactivated SARS-CoV virus, and rDNA-produced S protein

(Tseng et al., 2012). The pulmonary damage after challenge with SARS-

CoV was associated with a Th2-type immunopathology with prominent

eosinophil infiltration, and upregulation of genes associated with the induc-

tion of eosinophilia was observed. Interestingly, this immunopathology in

the lungs upon SARS-CoV infection could be avoided by administration

of TLR agonist adjuvants (Iwata-Yoshikawa et al., 2014).

To increase the duration of immune responses elicited by vaccines and to

prevent the CoV-induced lung immunopathology observed after challenge

or natural infection, the effects of adjuvants have been studied. In immuni-

zations either with recombinant CoV S protein or with inactivated whole-

virus vaccines, the effects of different adjuvants including alum, CpG, and

Adva, a new delta-inulin-based polysaccharide adjuvant, were analyzed
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(Honda-Okubo et al., 2015). While all vaccines protected against lethal

infection, addition of an adjuvant significantly increased serum neutralizing

antibody titers and reduced lung virus titers on day 3 postchallenge.Whereas

adjuvant-free or alum-formulated vaccines were associated with a significant

increase in lung eosinophilic immunopathology on day 6 postchallenge, this

was not seen in mice immunized with vaccines formulated with the delta-

inulin adjuvant. The absence of eosinophilic immunopathology in vaccines

containing delta-inulin adjuvants was found to correspond to enhanced

T-cell IFN-γ-recall responses rather than reduced IL-4 responses, suggesting
that immunopathology is primarily caused by an inadequate vaccine-

induced Th1 response and illustrating the need to induce durable IFN-γ
responses using appropriate adjuvants.

4.2 Interaction of CoV Vaccine Candidates with Cells of the
Immune System

The possibility of productive infection in macrophages (MØ) and dendritic

cells (DCs) byMERS-CoV is under debate.Whereas some reports provided

evidence for the infection of human MØs and DCs (Table 1) (Chu et al.,

2014, 2016; Scheuplein et al., 2015; Ying et al., 2016), others have not been

able to productively grow virus in MØs from Tg mice-expressing hDPP4

(C. Tseng, personal communication). The different origin of the cells might

explain these divergent results but more work is needed to clarify the sus-

ceptibility of MØs and DCs to MERS-CoV.

Common human CoVs, such as HCoV-NL63, HCoV-OC43, and

HCoV-HKU1, as well as the highly pathogenic SARS-CoV and MERS-

CoV infect ciliated epithelial cells in HAE culture, whereas HCoV-229E

infects nonciliated cells (Dijkman et al., 2013; Kindler et al., 2013). Human

CoVs do not elicit the production of proinflammatory cytokines in human

primary respiratory epithelial cells or ex vivo human lung tissue culture, and

the production of type I and III IFN was consistently found to be low (Chan

et al., 2013; Kindler et al., 2013; Zielecki et al., 2013), suggesting that all

human CoVs have evolved mechanisms to antagonize the host innate

immune response, mediated by a variety of viral proteins.

Epithelial cells, MØs, and DCs play a role during virus replication in the

lung, and may have an impact on pathogenesis. Both HCoV-229E and

HCoV-OC43 can infect MØs, although only the former does it efficiently

(Collins, 2002; Patterson andMacnaughton, 1982). DCs serve as sentinels in

the respiratory tract, and are the connection between innate and adaptive

immunity in the lung. HCoV-229E efficiently infects and kills DCs, which
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has been proposed as a potential mechanism to delay host adaptive immu-

nity, providing time to replicate in the host (Mesel-Lemoine et al., 2012).

The interaction of MERS-CoV with human MØs and DCs (Chu et al.,

2014, 2016; Scheuplein et al., 2015; Ying et al., 2016) induces CXCL-10,

CCL-2, CCL-3, CCL-5, IL-8, and IL-12 (Zhou et al., 2014). MERS-CoV

also infects mouse monocyte-derived dendritic cells, inducing CXCL-10,

CCL-5, IL-12, and IFN-γ, although no IFN-β and only marginal IFN-α
levels were detected (Chu et al., 2014; Zhou et al., 2015). In contrast, in

human plasmacytoid dendritic cells, MERS-CoV induced large amounts

of type I and III IFNs, especially IFN-α (Scheuplein et al., 2015), although

the infection was abortive.

SARS-CoV also infects human MØs and DCs, but viral replication is

abortive and no infectious virus particles are produced (Cheung et al.,

2005; Law et al., 2005; Tseng et al., 2005; Yilla et al., 2005; Ziegler

et al., 2005). Despite the lack of productive infection in human MØs,

SARS-CoV induced the expression of proinflammatory chemokines,

including CXCL-10 and CCL-2 but, in contrast, antiviral cytokines such

as IFN-α and INF-β were basically absent (Cheung et al., 2005; Law

et al., 2005, 2009; Tseng et al., 2005). In unproductive infections of

DCs, SARS-CoV induced CXCL-10, CCL-2, CCL-3, CCL-5, and

Table 1 Infection of Immune Cells by SARS-CoV and MERS-CoV

Cells

Virus MØ DC Epithelial T

MERS-CoV PROD PROD PROD ABOR
CXCL-10 " CXCL-10 " CXCL-10 # Apoptosis

CCL-2, -36, -5 " CCL-5 " CCL-5 # Lymphopenia

IL-8, -12 " IL-12 " IL-1β #
IFN-γ " IL-6, -8 #

IFN-α/β # IFN-α/β # IFN-α/β #
IFN-III #

SARS-CoV ABOR ABOR PROD ABOR
CXCL-10 " CXCL-10 " CXCL-10 # Apoptosis

CCL-2 " CCL-5 " CCL-5 # Lymphopenia

IL-8, -12 " CCL-2, -3 IL-1β #
IL-12 " IL-6, -8 #

IFN-α/β # IFN-γ " IFN-α/β #
IFN-α/β # IFN-III #
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TNF-α (Law et al., 2005; Tseng et al., 2005). Dysregulated type I IFN and

inflammatory monocyte-MØ responses in SARS-CoV-infected mice

resulted in high levels of cytokines and chemokines and impaired virus-

specific T-cell responses leading to lethal pneumonia (Channappanavar

et al., 2016).

Both MERS-CoV and SARS-CoV infect human primary T cells and

induce massive apoptosis and lymphopenia, although they do not produce

infectious virus in these cells (Chu et al., 2016; Gu et al., 2005; Zhou et al.,

2015). Infection of T cells may play a role in controlling the pathogenesis

elicited by both MERS-CoV and SARS-CoV (Chen et al., 2010).

Similarly to the field viruses, live SARS-CoV and MERS-CoV vaccines

may interact with host MØs and DCs, promoting the synthesis of cytokines

and chemokines that could lead to undesired side effects including imbal-

anced proinflammatory immune responses. The analysis of the type of inter-

leukins and cytokines produced during vaccine administration should be

included in safety studies of candidate vaccines and could involve murine

leukocytes derived from susceptible Tg mice and human cells collected from

healthy donors.

5. CORONAVIRUS ANTIVIRAL SELECTION

Despite extensive efforts commencing with the SARS epidemic in

2003, no antiviral drugs suitable to treat CoV infections have been approved

by the FDA (Barnard and Kumaki, 2011; Kilianski and Baker, 2014). Nev-

ertheless, there are several antiviral compounds in preclinical development

that may be useful to control humanCoV infections (Adedeji and Sarafianos,

2014; Zumla et al., 2016). A number of these compounds target highly con-

served replicase proteins, and therefore should be effective against a broad

range of CoVs, including common human CoVs. Key enzymatic activities,

such as the viral main protease, PLP, and helicase have been employed as

targets for CoV-specific antiviral drugs (Kilianski and Baker, 2014). These

conserved antiviral targets are generally thought to tolerate fewer mutations

compared to structural protein genes due to higher fitness pressure; thus,

possibly reducing the risk of resistant variants emerging rapidly during ant-

iviral treatment.

Other compounds inhibiting virus entry or morphogenesis have also

been tested though, with few exceptions, these viral life cycle steps are poor

antiviral targets, as escape mutants are easily recovered, especially when viral
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structural proteins are targeted (Kilianski and Baker, 2014). The cell attach-

ment of HCoV-229E and HCoV-NL63 has been inhibited with different

antibody combinations (Pyrc et al., 2006, 2007), and subsequent steps of cell

entry have been inhibited by S protein-derived heptad-repeat 2 (HR2) pep-

tides in the case of HCoV-NL63 (Pyrc et al., 2006). Similarly, inhibitors of

vacuolar acidification were effective against HCoV-229E in cell culture and

against HCoV-OC43 both in cells and in vivo (Keyaerts et al., 2009; Pyrc

et al., 2007).

The identification of signaling pathways involved in SARS-CoV-medi-

ated pathogenesis has provided selection systems for drugs that significantly

increase the survival of infected mice. For example, the identification of

NF-kB as the main signaling pathway leading to an exacerbated inflamma-

tory response during SARS-CoV infection enabled the selection of an ant-

iviral suitable to control this infection (DeDiego et al., 2014b). Similarly, the

identification of the increased phosphorylation of p38 MAPK by SARS-

CoV E protein-activated syntenin also led to a dramatic increase (>80%)

in the survival of infected mice treated with p38 MAPK inhibitors

(Jimenez-Guardeno et al., 2015) (Fig. 4).

Fig. 4 Inhibitors of p38MAPK activation protects mice infected with recombinant SARS-
CoV. (A) Syntenin initiates a signaling cascade resulting in the phosphorylation (and acti-
vation) of p38 MAPK, a protein involved in the expression of proinflammatory cytokines.
(B) Inhibition of p38 MAPK phosphorylation led to the survival of 80% of the mice
infected with recombinant SARS-CoV, confirming the antiviral potency of this drug
(Jimenez-Guardeno et al., 2015). E, SARS-CoV envelope protein; ECM, extracellular
matrix; FAK, signaling adhesion kinase protein; Mock, noninfected mice; P, phosphory-
lated residue; P38 MAPK, p38 MAP kinase; SB203580, inhibitor of p38 MAPK; Wt, mice
infected with virulent SARS-CoV.
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6. CONCLUSIONS

New animal and humanCoVs are constantly emerging or reemerging,

as there are animal reservoirs that maintain them, including bats and birds

present in high numbers and with high mobility. As a consequence, the

development of technologies suitable to respond swiftly to newly emerging

CoVs by producing vaccines is highly desirable. This goal could be achieved

with the production of subunit or inactivated vaccines, but optimal combi-

nations of antigen and adjuvant need to be established to minimize the risk of

ADEI or eosinophilia that frequently occurred with CoV vaccines devel-

oped in the past. We believe that the vaccines of the future will be mainly

based on live-attenuated viruses because of their superior potential to

induce balanced Th1/Th2 immune responses, the potent and long-lasting

immunity, and the comprehensive B and T-cell repertoire induced by this

type of vaccines. However, the development of safe live-attenuated virus

vaccines requires strong experimental support to confirm sufficient attenu-

ation in the target species, possibly resulting in longer development and pro-

duction times.
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Almazan, F., DeDiego, M.L., Sola, I., Zuñiga, S., Nieto-Torres, J.L., Marquez-Jurado, S.,
et al., 2013. Engineering a replication-competent, propagation-defective Middle East
respiratory syndrome coronavirus as a vaccine candidate. MBio 4. e00650-13.

Altenburg, A.F., Kreijtz, J.H., de Vries, R.D., Song, F., Fux, R., Rimmelzwaan, G.F., et al.,
2014. Modified vaccinia virus ankara (MVA) as production platform for vaccines against
influenza and other viral respiratory diseases. Viruses 6, 2735–2761.

275Coronavirus Virulence and Vaccine Development

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0005
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0005
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0010
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0010
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0010
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0015
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0015
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0015
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0020
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0020
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0020
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0025
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0025
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0025


An, S., Chen, C.J., Yu, X., Leibowitz, J.L., Makino, S., 1999. Induction of apoptosis in
murine coronavirus-infected cultured cells and demonstration of E protein as an apopto-
sis inducer. J. Virol. 73, 7853–7859.

Angelini, M.M., Akhlaghpour, M., Neuman, B.W., Buchmeier, M.J., 2013. Severe acute
respiratory syndrome coronavirus nonstructural proteins 3, 4, and 6 induce double-
membrane vesicles. MBio 4. e00524-13.

Barnard, D.L., Kumaki, Y., 2011. Recent developments in anti-severe acute respiratory syn-
drome coronavirus chemotherapy. Futur. Virol. 6, 615–631.

Barretto, N., Jukneliene, D., Ratia, K., Chen, Z., Mesecar, A.D., Baker, S.C., 2005. The
papain-like protease of severe acute respiratory syndrome coronavirus has
deubiquitinating activity. J. Virol. 79, 15189–15198.

Bolles, M., Deming, D., Long, K., Agnihothram, S., Whitmore, A., Ferris, M., et al., 2011.
A double-inactivated severe acute respiratory syndrome coronavirus vaccine provides
incomplete protection in mice and induces increased eosinophilic proinflammatory pul-
monary response upon challenge. J. Virol. 85, 12201–12215.

Butler, N., Pewe, L., Trandem, K., Perlman, S., 2006. Murine encephalitis caused by
HCoV-OC43, a human coronavirus with broad species specificity, is partly immune-
mediated. Virology 347, 410–421.

Chan, R.W., Chan,M.C., Agnihothram, S., Chan, L.L., Kuok, D.I., Fong, J.H., et al., 2013.
Tropism of and innate immune responses to the novel human betacoronavirus lineage
C virus in human ex vivo respiratory organ cultures. J. Virol. 87, 6604–6614.

Channappanavar, R., Fett, C., Zhao, J., Meyerholz, D.K., Perlman, S., 2014. Virus-specific
memory CD8 T cells provide substantial protection from lethal severe acute respiratory
syndrome coronavirus infection. J. Virol. 88, 11034–11044.

Channappanavar, R., Fehr, A.R., Vijay, R., Mack, M., Zhao, J., Meyerholz, D.K., et al.,
2016. Dysregulated type I interferon and inflammatory monocyte-macrophage responses
cause lethal pneumonia in SARS-CoV-infected mice. Cell Host Microbe 19, 181–193.

Chen, Z., Wang, Y., Ratia, K., Mesecar, A.D., Wilkinson, K.D., Baker, S.C., 2007. Pro-
teolytic processing and deubiquitinating activity of papain-like proteases of human coro-
navirus NL63. J. Virol. 81, 6007–6018.

Chen, J., Lau, Y.F., Lamirande, E.W., Paddock, C.D., Bartlett, J.H., Zaki, S.R., et al., 2010.
Cellular immune responses to severe acute respiratory syndrome coronavirus (SARS-
CoV) infection in senescent BALB/c mice: CD4+ T cells are important in control of
SARS-CoV infection. J. Virol. 84, 1289–1301.

Chen, X., Yang, X., Zheng, Y., Yang, Y., Xing, Y., Chen, Z., 2014. SARS coronavirus
papain-like protease inhibits the type I interferon signaling pathway through interaction
with the STING-TRAF3-TBK1 complex. Protein Cell 5, 369–381.

Cheung, C.Y., Poon, L.L., Ng, I.H., Luk, W., Sia, S.F., Wu, M.H., et al., 2005. Cytokine
responses in severe acute respiratory syndrome coronavirus-infected macrophages
in vitro: possible relevance to pathogenesis. J. Virol. 79, 7819–7826.

Chu, H., Zhou, J., Wong, B.H., Li, C., Cheng, Z.S., Lin, X., et al., 2014. Productive rep-
lication of Middle East respiratory syndrome coronavirus in monocyte-derived dendritic
cells modulates innate immune response. Virology 454–455, 197–205.

Chu, H., Zhou, J., Wong, B.H., Li, C., Chan, J.F., Cheng, Z.S., et al., 2016. Middle East
respiratory syndrome coronavirus efficiently infects human primary T lymphocytes and
activates the extrinsic and intrinsic apoptosis pathways. J. Infect. Dis. 213, 904–914.

Clementz, M.A., Chen, Z., Banach, B.S., Wang, Y., Sun, L., Ratia, K., et al., 2010.
Deubiquitinating and interferon antagonism activities of coronavirus papain-like prote-
ases. J. Virol. 84, 4619–4629.

Cockrell, A.S., Peck, K.M., Yount, B.L., Agnihothram, S.S., Scobey, T., Curnes, N.R.,
et al., 2014. Mouse dipeptidyl peptidase 4 is not a functional receptor for Middle East
respiratory syndrome coronavirus infection. J. Virol. 88, 5195–5199.

276 L. Enjuanes et al.

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0030
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0030
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0030
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0035
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0035
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0035
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0040
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0040
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0045
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0045
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0045
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0050
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0050
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0050
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0050
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0055
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0055
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0055
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0060
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0060
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0060
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0065
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0065
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0065
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0070
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0070
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0070
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0075
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0075
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0075
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0080
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0080
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0080
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0080
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0080
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0085
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0085
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0085
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0090
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0090
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0090
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0095
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0095
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0095
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0100
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0100
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0100
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0105
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0105
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0105
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0110
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0110
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0110


Coleman, C.M., Liu, Y.V., Mu, H., Taylor, J.K., Massare, M., Flyer, D.C., et al., 2014a.
Purified coronavirus spike protein nanoparticles induce coronavirus neutralizing anti-
bodies in mice. Vaccine 32, 3169–3174.

Coleman, C.M., Matthews, K.L., Goicochea, L., Frieman, M.B., 2014b. Wild-type and
innate immune-deficient mice are not susceptible to the Middle East respiratory syn-
drome coronavirus. J. Gen. Virol. 95, 408–412.

Collins, A.R., 2002. In vitro detection of apoptosis in monocytes/macrophages infected with
human coronavirus. Clin. Diagn. Lab. Immunol. 9, 1392–1395.

Corman, V.M., Ithete,N.L., Richards, L.R., Schoeman,M.C., Preiser,W., Drosten, C., et al.,
2014. Rooting the phylogenetic tree of middle East respiratory syndrome coronavirus by
characterization of a conspecific virus from an African bat. J. Virol. 88, 11297–11303.

Das, A.T., Zhou, X., Metz, S.W., Vink, M.A., Berkhout, B., 2016. Selecting the optimal
Tet-On system for doxycycline-inducible gene expression in transiently transfected
and stably transduced mammalian cells. Biotechnol. J. 11, 71–79.

Day, C.W., Baric, R., Cai, S.X., Frieman, M., Kumaki, Y., Morrey, J.D., et al., 2009. A new
mouse-adapted strain of SARS-CoV as a lethal model for evaluating antiviral agents
in vitro and in vivo. Virology 395, 210–222.

de Groot, R.J., Baker, S.C., Baric, R., Enjuanes, L., Gorbalenya, A.E., Holmes, K.V., et al.,
2012. Family coronaviridae. In: King, A.M.Q., Adams, M.J., Carstens, E.B.,
Lefkowitz, E.J. (Eds.), Virus Taxonomy. Elsevier, Amsterdam, pp. 774–796.

DeDiego, M.L., Alvarez, E., Almazan, F., Rejas, M.T., Lamirande, E., Roberts, A., et al.,
2007. A severe acute respiratory syndrome coronavirus that lacks the E gene is attenuated
in vitro and in vivo. J. Virol. 81, 1701–1713.

DeDiego,M.L., Nieto-Torres, J.L., Jimenez-Guardeño, J.M., Regla-Nava, J.A., Alvarez, E.,
Oliveros, J.C., et al., 2011. Severe acute respiratory syndrome coronavirus envelope pro-
tein regulates cell stress response and apoptosis. PLoS Pathog. 7, e1002315.

DeDiego, M.L., Nieto-Torres, J.L., Jimenez-Guardeño, J.M., Regla-Nava, J.A., Castaño-
Rodriguez, C., Fernandez-Delgado, R., et al., 2014a. Coronavirus virulence genes with
main focus on SARS-CoV envelope gene. Virus Res. 194, 124–137.

DeDiego, M.L., Nieto-Torres, J.L., Regla-Nava, J.A., Jimenez-Guardeño, J.M., Fernandez-
Delgado, R., Fett, C., et al., 2014b. Inhibition of NF-kappaB mediated inflammation in
severe acute respiratory syndrome coronavirus-infected mice increases survival. J. Virol.
88, 913–924.

Desforges, M., Desjardins, J., Zhang, C., Talbot, P.J., 2013. The acetyl-esterase activity of
the hemagglutinin-esterase protein of human coronavirus OC43 strongly enhances the
production of infectious virus. J. Virol. 87, 3097–3107.

Dijkman, R., Jebbink, M.F., Wilbrink, B., Pyrc, K., Zaaijer, H.L., Minor, P.D., et al., 2006.
Human coronavirus 229E encodes a single ORF4 protein between the spike and the
envelope genes. Virol. J. 3, 106.

Dijkman, R., Jebbink, M.F., Koekkoek, S.M., Deijs, M., Jonsdottir, H.R., Molenkamp, R.,
et al., 2013. Isolation and characterization of current human coronavirus strains in pri-
mary human epithelial cell cultures reveal differences in target cell tropism. J. Virol.
87, 6081–6090.

Donaldson, E.F., Yount, B., Sims, A.C., Burkett, S., Pickles, R.J., Baric, R.S., 2008. Sys-
tematic assembly of a full-length infectious clone of human coronavirus NL63. J. Virol.
82, 11948–11957.

Drosten, C., Muth, D., Corman, V.M., Hussain, R., Al Masri, M., HajOmar, W., et al.,
2015. An observational, laboratory-based study of outbreaks of middle East respiratory
syndrome coronavirus in Jeddah and Riyadh, kingdom of Saudi Arabia, 2014. Clin.
Infect. Dis. 60, 369–377.

Du, L., Jiang, S., 2015. Middle East respiratory syndrome: current status and future prospects
for vaccine development. Expert. Opin. Biol. Ther. 15, 1647–1651.

277Coronavirus Virulence and Vaccine Development

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0115
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0115
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0115
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0120
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0120
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0120
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0125
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0125
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0130
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0130
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0130
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0135
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0135
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0135
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0140
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0140
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0140
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0145
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0145
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0145
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0150
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0150
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0150
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0155
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0155
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0155
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0160
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0160
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0160
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0165
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0165
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0165
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0165
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0170
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0170
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0170
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0175
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0175
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0175
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0180
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0180
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0180
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0180
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0185
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0185
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0185
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0190
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0190
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0190
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0190
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0195
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0195


Du, L., Zhao, G., Lin, Y., Sui, H., Chan, C., Ma, S., et al., 2008. Intranasal vaccination of
recombinant adeno-associated virus encoding receptor-binding domain of severe acute
respiratory syndrome coronavirus (SARS-CoV) spike protein induces strong mucosal
immune responses and provides long-term protection against SARS-CoV infection.
J. Immunol. 180, 948–956.

Du, L., Zhao, G., Kou, Z., Ma, C., Sun, S., Poon, V.K., et al., 2013. Identification of
receptor-binding domain in S protein of the novel human coronavirus MERS-CoV
as an essential target for vaccine development. J. Virol. 17, 9939–9942.

Eckerle, L.D., Becker, M.M., Halpin, R.A., Li, K., Venter, E., Lu, X., et al., 2010. Infidelity
of SARS-CoV nsp14-exonuclease mutant virus replication is revealed by complete
genome sequencing. PLoS Pathog. 6, e1000896.

Enjuanes, L., DeDiego, M.L., Alvarez, E., Deming, D., Sheahan, T., Baric, R., 2008. Vac-
cines to prevent severe acute respiratory syndrome coronavirus-induced disease. Virus
Res. 133, 45–62.

Eriksson, K.K., Cervantes-Barragan, L., Ludewig, B., Thiel, V., 2008. Mouse hepatitis virus
liver pathology is dependent on ADP-ribose-100-phosphatase, a viral function conserved
in the alpha-like supergroup. J. Virol. 82, 12325–12334.

Escriou, N., Callendret, B., Lorin, V., Combredet, C., Marianneau, P., Fevrier, M., et al.,
2014. Protection from SARS coronavirus conferred by live measles vaccine expressing
the spike glycoprotein. Virology 452–453, 32–41.

Falzarano, D., de Wit, E., Feldmann, F., Rasmussen, A.L., Okumura, A., Peng, X., et al.,
2014. Infection with MERS-CoV causes lethal pneumonia in the common marmoset.
PLoS Pathog. 10, e1004250.

Favreau, D.J., Desforges, M., St-Jean, J.R., Talbot, P.J., 2009. A human coronavirus OC43
variant harboring persistence-associated mutations in the S glycoprotein differentially
induces the unfolded protein response in human neurons as compared to wild-type virus.
Virology 395, 255–267.

Fett, C., DeDiego, M.L., Regla-Nava, J.A., Enjuanes, L., Perlman, S., 2013. Complete pro-
tection against severe acute respiratory syndrome coronavirus-mediated lethal respiratory
disease in aged mice by immunization with a mouse-adapted virus lacking E protein.
J. Virol. 87, 6551–6559.

Frieman, M., Ratia, K., Johnston, R.E., Mesecar, A.D., Baric, R.S., 2009. Severe acute respi-
ratory syndrome coronavirus papain-like protease ubiquitin-like domain and catalytic
domain regulate antagonism of IRF3 and NF-kappaB signaling. J. Virol. 83, 6689–6705.

Frieman, M., Yount, B., Agnihothram, S., Page, C., Donaldson, E., Roberts, A., et al., 2012.
Molecular determinants of severe acute respiratory syndrome coronavirus pathogenesis
and virulence in young and aged mouse models of human disease. J. Virol. 86, 884–897.

Graham, R.L., Becker, M.M., Eckerle, L.D., Bolles, M., Denison, M.R., Baric, R.S., 2012.
A live, impaired-fidelity coronavirus vaccine protects in an aged, immunocompromised
mouse model of lethal disease. Nat. Med. 18, 1820–1826.

Gretebeck, L.M., Subbarao, K., 2015. Animal models for SARS and MERS coronaviruses.
Curr. Opin. Virol. 13, 123–129.

Gu, J., Gong, E., Zhang, B., Zheng, J., Gao, Z., Zhong, Y., et al., 2005. Multiple organ
infection and the pathogenesis of SARS. J. Exp. Med. 202, 415–424.

Guo, X., Deng, Y., Chen, H., Lan, J.,Wang,W., Zou, X., et al., 2015. Systemic andmucosal
immunity in mice elicited by a single immunization with human adenovirus type 5 or
41 vector-based vaccines carrying the spike protein of Middle East respiratory syndrome
coronavirus. Immunology 145, 476–484.

Haagmans, B.L., van den Brand, J.M., Provacia, L.B., Raj, V.S., Stittelaar, K.J., Getu, S.,
et al., 2015. Asymptomatic Middle East respiratory syndrome coronavirus infection in
rabbits. J. Virol. 89, 6131–6135.

278 L. Enjuanes et al.

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0200
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0200
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0200
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0200
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0200
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0205
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0205
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0205
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0210
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0210
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0210
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0215
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0215
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0215
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0220
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0220
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0220
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0220
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0225
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0225
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0225
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0230
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0230
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0230
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0235
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0235
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0235
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0235
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0240
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0240
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0240
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0240
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0245
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0245
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0245
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0250
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0250
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0250
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0255
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0255
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0255
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0260
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0260
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0265
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0265
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0270
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0270
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0270
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0270
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0275
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0275
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0275


Haagmans, B.L., van den Brand, J.M., Raj, V.S., Volz, A., Wohlsein, P., Smits, S.L., et al.,
2016. An orthopoxvirus-based vaccine reduces virus excretion after MERS-CoV infec-
tion in dromedary camels. Science 351, 77–81.

Hetz, C., 2012. The unfolded protein response: controlling cell fate decisions under ER stress
and beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102.

Honda-Okubo, Y., Barnard, D., Ong, C.H., Peng, B.H., Tseng, C.T., Petrovsky, N., 2015.
Severe acute respiratory syndrome-associated coronavirus vaccines formulated with delta
inulin adjuvants provide enhanced protection while ameliorating lung eosinophilic
immunopathology. J. Virol. 89, 2995–3007.

Hou, Y.X., Peng, C., Han, Z.G., Zhou, P., Chen, J.G., Shi, Z.L., 2010. Immunogenicity of
the spike glycoprotein of bat SARS-like coronavirus. Virol. Sin. 25, 36–44.

Huang, X., Dong, W., Milewska, A., Golda, A., Qi, Y., Zhu, Q.K., et al., 2015. Human
coronavirus HKU1 spike protein uses O-acetylated sialic acid as an attachment receptor
determinant and employs hemagglutinin-esterase protein as a receptor-destroying
enzyme. J. Virol. 89, 7202–7213.

Iwata-Yoshikawa, N., Uda, A., Suzuki, T., Tsunetsugu-Yokota, Y., Sato, Y., Morikawa, S.,
et al., 2014. Effects of Toll-like receptor stimulation on eosinophilic infiltration in lungs
of BALB/c mice immunized with UV-inactivated severe acute respiratory syndrome-
related coronavirus vaccine. J. Virol. 88, 8597–8614.

Jacomy, H., Talbot, P.J., 2003. Vacuolating encephalitis in mice infected by human corona-
virus OC43. Virology 315, 20–33.

Jaume, M., Yip, M.S., Kam, Y.W., Cheung, C.Y., Kien, F., Roberts, A., et al., 2012. SARS
CoV subunit vaccine: antibody-mediated neutralisation and enhancement. Hong Kong
Med. J. 18, 31–36.

Jiang, L., Wang, N., Zuo, T., Shi, X., Poon, K.M., Wu, Y., et al., 2014. Potent neutrali-
zation of MERS-CoV by human neutralizing monoclonal antibodies to the viral spike
glycoprotein. Sci. Transl. Med. 6, 234ra259.

Jimenez-Guardeño, J.M., Nieto-Torres, J.L., DeDiego, M.L., Regla-Nava, J.A., Fernandez-
Delgado, R., Castaño-Rodriguez, C., et al., 2014. The PDZ-binding motif of severe
acute respiratory syndrome coronavirus envelope protein Is a determinant of viral path-
ogenesis. PLoS Pathog. 10, e1004320.

Jimenez-Guardeno, J.M., Regla-Nava, J.A., Nieto-Torres, J.L., DeDiego, M.L., Castano-
Rodriguez, C., Fernandez-Delgado, R., et al., 2015. Identification of the mechanisms
causing reversion to virulence in an attenuated SARS-CoV for the design of a genetically
stable vaccine. PLoS Pathog. 11, e1005215.

Keyaerts, E., Li, S., Vijgen, L., Rysman, E., Verbeeck, J., Van Ranst, M., et al., 2009. Ant-
iviral activity of chloroquine against human coronavirus OC43 infection in newborn
mice. Antimicrob. Agents Chemother. 53, 3416–3421.

Kilianski, A., Baker, S.C., 2014. Cell-based antiviral screening against coronaviruses: devel-
oping virus-specific and broad-spectrum inhibitors. Antivir. Res. 101, 105–112.

Kim, E., Okada, K., Kenniston, T., Raj, V.S., AlHajri, M.M., Farag, E.A., et al., 2014.
Immunogenicity of an adenoviral-based Middle East respiratory syndrome coronavirus
vaccine in BALB/c mice. Vaccine 32, 5975–5982.

Kindler, E., Jonsdottir, H.R., Muth, D., Hamming, O.J., Hartmann, R., Rodriguez, R.,
et al., 2013. Efficient replication of the novel human betacoronavirus EMC on primary
human epithelium highlights its zoonotic potential. MBio 4, e00611–e00612.

Kirkpatrick, B.D., Whitehead, S.S., Pierce, K.K., Tibery, C.M., Grier, P.L., Hynes, N.A.,
et al., 2016. The live attenuated dengue vaccine TV003 elicits complete protection
against dengue in a human challenge model. Sci. Transl. Med. 8, 330–336.

Kuri, T., Eriksson, K.K., Putics, A., Zust, R., Snijder, E.J., Davidson, A.D., et al., 2011. The
ADP-ribose-100-monophosphatase domains of severe acute respiratory syndrome

279Coronavirus Virulence and Vaccine Development

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0280
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0280
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0280
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0285
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0285
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0290
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0290
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0290
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0290
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0295
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0295
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0300
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0300
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0300
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0300
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0305
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0305
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0305
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0305
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0310
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0310
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0315
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0315
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0315
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0320
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0320
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0320
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0325
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0325
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0325
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0325
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0330
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0330
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0330
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0330
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0335
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0335
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0335
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0340
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0340
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0345
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0345
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0345
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0350
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0350
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0350
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0355
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0355
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0355
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0360
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0360
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0360


coronavirus and human coronavirus 229E mediate resistance to antiviral interferon
responses. J. Gen. Virol. 92, 1899–1905.

Lamirande, E.W., DeDiego, M.L., Roberts, A., Jackson, J.P., Alvarez, E., Sheahan, T., et al.,
2008. A live attenuated SARS coronavirus is immunogenic and efficacious in golden
Syrian hamsters. J. Virol. 82, 7721–7724.

Lan, J., Yao, Y., Deng, Y., Chen, H., Lu, G., Wang,W., et al., 2015. Recombinant receptor
binding domain protein induces partial protective immunity in rhesus macaques against
Middle East respiratory syndrome coronavirus challenge. EBioMedicine 2, 1438–1446.

Lassnig, C., Sanchez, C.M., Egerbacher, M., Walter, I., Majer, S., Kolbe, T., et al., 2005.
Development of a transgenic mouse model susceptible to human coronavirus 229E.
Proc. Natl. Acad. Sci. U.S.A. 102, 8275–8280.

Law, H.K., Cheung, C.Y., Ng, H.Y., Sia, S.F., Chan, Y.O., Luk, W., et al., 2005. Chemo-
kine up-regulation in SARS-coronavirus-infected, monocyte-derived human dendritic
cells. Blood 106, 2366–2374.

Law, H.K., Cheung, C.Y., Sia, S.F., Chan, Y.O., Peiris, J.S., Lau, Y.L., 2009. Toll-like
receptors, chemokine receptors and death receptor ligands responses in SARS corona-
virus infected human monocyte derived dendritic cells. BMC Immunol. 10, 35.

Lee, N., Hui, D.,Wu, A., Chan, P., Cameron, P., Joynt, G., et al., 2003. Amajor outbreak of
severe acute respiratory syndrome in Hong Kong. N. Engl. J. Med. 348, 1986–1994.

Li, J., Ulitzky, L., Silberstein, E., Taylor, D.R., Viscidi, R., 2013. Immunogenicity and pro-
tection efficacy of monomeric and trimeric recombinant SARS coronavirus spike pro-
tein subunit vaccine candidates. Viral Immunol. 26, 126–132.

Li, K., Wohlford-Lenane, C., Perlman, S., Zhao, J., Jewell, A.K., Reznikov, L.R., et al.,
2016. Middle East respiratory syndrome coronavirus causes multiple organ damage
and lethal disease in mice transgenic for human dipeptidyl peptidase 4. J. Infect. Dis.
213, 712–722.

Liu, Y.V., Massare, M.J., Barnard, D.L., Kort, T., Nathan, M., Wang, L., et al., 2011. Chi-
meric severe acute respiratory syndrome coronavirus (SARS-CoV) S glycoprotein and
influenza matrix 1 efficiently form virus-like particles (VLPs) that protect mice against
challenge with SARS-CoV. Vaccine 29, 6606–6613.

Lokugamage, K.G., Narayanan, K., Nakagawa, K., Terasaki, K., Ramirez, S.I., Tseng, C.T.,
et al., 2015. Middle East Respiratory Syndrome coronavirus nsp1 inhibits host gene
expression by selectively targeting mRNAs transcribed in the nucleus while sparing
mRNAs of cytoplasmic origin. J. Virol. 89, 10970–10981.

Ma, C., Li, Y., Wang, L., Zhao, G., Tao, X., Tseng, C.T., et al., 2014a. Intranasal vaccina-
tion with recombinant receptor-binding domain of MERS-CoV spike protein induces
much stronger local mucosal immune responses than subcutaneous immunization: impli-
cation for designing novel mucosal MERS vaccines. Vaccine 32, 2100–2108.

Ma, C.,Wang, L., Tao, X., Zhang, N., Yang, Y., Tseng, C.T., et al., 2014b. Searching for an
ideal vaccine candidate among different MERS coronavirus receptor-binding
fragments—the importance of immunofocusing in subunit vaccine design. Vaccine
32, 6170–6176.

Markusic, D., Oude-Elferink, R., Das, A.T., Berkhout, B., Seppen, J., 2005. Comparison of
single regulated lentiviral vectors with rtTA expression driven by an autoregulatory loop
or a constitutive promoter. Nucleic Acids Res. 33, e63.

Matthews, K.L., Coleman, C.M., van der Meer, Y., Snijder, E.J., Frieman, M.B., 2014. The
ORF4b-encoded accessory proteins of Middle East respiratory syndrome coronavirus
and two related bat coronaviruses localize to the nucleus and inhibit innate immune sig-
nalling. J. Gen. Virol. 95, 874–882.

Mayer, K., Nellessen, C., Hahn-Ast, C., Schumacher, M., Pietzonka, S., Eis-Hubinger,
A.M., et al., 2016. Fatal outcome of human coronavirus NL63 infection despite

280 L. Enjuanes et al.

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0360
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0360
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0365
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0365
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0365
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0370
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0370
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0370
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0375
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0375
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0375
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0380
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0380
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0380
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0385
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0385
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0385
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0390
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0390
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0395
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0395
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0395
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0400
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0400
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0400
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0400
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0405
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0405
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0405
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0405
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0410
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0410
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0410
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0410
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0415
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0415
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0415
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0415
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0420
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0420
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0420
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0420
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0425
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0425
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0425
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0430
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0430
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0430
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0430
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0435
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0435


successful viral elimination by IFN-alpha in a patient with newly diagnosed ALL. Eur. J.
Haematol. 97, 208–210.

Menachery, V.D., Yount Jr., B.L., Josset, L., Gralinski, L.E., Scobey, T., Agnihothram, S.,
et al., 2014. Attenuation and restoration of severe acute respiratory syndrome coronavi-
rus mutant lacking 20-o-methyltransferase activity. Eur. J. Haematol. 88, 4251–4264.

Mesel-Lemoine, M., Millet, J., Vidalain, P.O., Law, H., Vabret, A., Lorin, V., et al., 2012.
A human coronavirus responsible for the common cold massively kills dendritic cells but
not monocytes. J. Virol. 86, 7577–7587.

Mielech, A.M., Kilianski, A., Baez-Santos, Y.M.,Mesecar, A.D., Baker, S.C., 2014.MERS-
CoV papain-like protease has deISGylating and deubiquitinating activities. Virology
450–451, 64–70.

Minskaia, E., Hertzig, T., Gorbalenya, A.E., Campanacci, V., Cambillau, C., Canard, B.,
et al., 2006. Discovery of an RNA virus 30!50 exoribonuclease that is critically involved
in coronavirus RNA synthesis. Proc. Natl. Acad. Sci. U.S.A. 103, 5108–5113.

Mou, H., Raj, V.S., van Kuppeveld, F.J., Rottier, P.J., Haagmans, B.L., Bosch, B.J., 2013.
The receptor binding domain of the new Middle East respiratory syndrome coronavirus
maps to a 231-residue region in the spike protein that efficiently elicits neutralizing anti-
bodies. J. Virol. 87, 9379–9383.

Muller, M.A., van der Hoek, L., Voss, D., Bader, O., Lehmann, D., Schulz, A.R., et al.,
2010. Human coronavirus NL63 open reading frame 3 encodes a virion-incorporated
N-glycosylated membrane protein. Virol. J. 7, 6.

Muth, D., Corman, V.M.,Meyer, B., Assiri, A., Al-Masri,M., Farah,M., et al., 2015. Infectious
Middle East respiratory syndrome coronavirus excretion and serotype variability based on
live virus isolates from patients in Saudi Arabia. J. Clin. Microbiol. 53, 2951–2955.

Muthumani, K., Falzarano, D., Reuschel, E.L., Tingey, C., Flingai, S., Villarreal, D.O.,
et al., 2015. A synthetic consensus anti-spike protein DNA vaccine induces protective
immunity against Middle East respiratory syndrome coronavirus in nonhuman primates.
Sci. Transl. Med. 7, 301ra132.

Narayanan, K., Ramirez, S.I., Lokugamage, K.G., Makino, S., 2015. Coronavirus non-
structural protein 1: common and distinct functions in the regulation of host and viral
gene expression. Virus Res. 202, 89–100.

Netland, J., DeDiego, M.L., Zhao, J., Fett, C., Alvarez, E., Nieto-Torres, J.L., et al., 2010.
Immunization with an attenuated severe acute respiratory syndrome coronavirus deleted
in E protein protects against lethal respiratory disease. Virology 399, 120–128.

Nieto-Torres, J.L., Dediego, M.L., Verdia-Baguena, C., Jimenez-Guardeño, J.M., Regla-
Nava, J.A., Fernandez-Delgado, R., et al., 2014. Severe acute respiratory syndrome
coronavirus envelope protein ion channel activity promotes virus fitness and pathogen-
esis. PLoS Pathog. 10, e1004077.

Nieto-Torres, J.L., Verdia-Baguena, C., Jimenez-Guardeno, J.M., Regla-Nava, J.A.,
Castano-Rodriguez, C., Fernandez-Delgado, R., et al., 2015. Severe acute respiratory
syndrome coronavirus E protein transports calcium ions and activates the NLRP3
inflammasome. Virology 485, 330–339.

Paddock, C., 2015. MERS vaccine ‘ready for human trials’. Retrieved from, http://www.
medicalnewstoday.com/articles/296023.php.

Papaneri, A.B., Johnson, R.F., Wada, J., Bollinger, L., Jahrling, P.B., Kuhn, J.H., 2015.
Middle East respiratory syndrome: obstacles and prospects for vaccine development.
Expert Rev. Vaccines 14, 949–962.

Pascal, K.E., Coleman, C.M., Mujica, A.O., Kamat, V., Badithe, A., Fairhurst, J., et al.,
2015. Pre- and postexposure efficacy of fully human antibodies against Spike protein
in a novel humanized mouse model of MERS-CoV infection. Proc. Natl. Acad. Sci.
U.S.A. 112, 8738–8743.

281Coronavirus Virulence and Vaccine Development

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0435
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0435
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0440
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0440
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0440
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0440
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0445
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0445
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0445
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0450
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0450
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0450
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0455
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0455
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0455
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0455
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0455
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0460
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0460
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0460
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0460
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0465
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0465
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0465
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0470
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0470
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0470
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0475
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0475
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0475
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0475
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0480
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0480
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0480
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0485
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0485
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0485
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0490
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0490
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0490
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0490
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0495
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0495
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0495
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0495
http://www.medicalnewstoday.com/articles/296023.php
http://www.medicalnewstoday.com/articles/296023.php
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0505
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0505
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0505
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0510
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0510
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0510
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0510


Patterson, S., Macnaughton, M.R., 1982. Replication of human respiratory coronavirus
strain 229E in human macrophages. J. Gen. Virol. 60, 307–314.

Peck, K.M., Cockrell, A.S., Yount, B.L., Scobey, T., Baric, R.S., Heise, M.T., 2015. Gly-
cosylation of mouse DPP4 plays a role in inhibiting Middle East respiratory syndrome
coronavirus infection. J. Virol. 89, 4696–4699.

Pene, F., Merlat, A., Vabret, A., Rozenberg, F., Buzyn, A., Dreyfus, F., et al., 2003. Coro-
navirus 229E-related pneumonia in immunocompromised patients. Clin. Infect. Dis.
37, 929–932.

Putics, A., Filipowicz, W., Hall, J., Gorbalenya, A.E., Ziebuhr, J., 2005. ADP-ribose-100-
monophosphatase: a conserved coronavirus enzyme that is dispensable for viral replica-
tion in tissue culture. J. Virol. 79, 12721–12731.

Pyrc, K., Bosch, B.J., Berkhout, B., Jebbink, M.F., Dijkman, R., Rottier, P., et al., 2006.
Inhibition of human coronavirus NL63 infection at early stages of the replication cycle.
Antimicrob. Agents Chemother. 50, 2000–2008.

Pyrc, K., Berkhout, B., van der Hoek, L., 2007. Antiviral strategies against human cor-
onaviruses. Infect. Disord. Drug Targets 7, 59–66.

Ratia, K., Saikatendu, K.S., Santarsiero, B.D., Barretto, N., Baker, S.C., Stevens, R.C.,
et al., 2006. Severe acute respiratory syndrome coronavirus papain-like protease: struc-
ture of a viral deubiquitinating enzyme. Proc. Natl. Acad. Sci. U.S.A. 103, 5717–5722.

Regla-Nava, J.A., Nieto-Torres, J.L., Jimenez-Guardeno, J.M., Fernandez-Delgado, R.,
Fett, C., Castano-Rodriguez, C., et al., 2015. Severe acute respiratory syndrome cor-
onaviruses with mutations in the E protein are attenuated and promising vaccine candi-
dates. J. Virol. 89, 3870–3887.

Roberts, A., Deming, D., Paddock, C.D., Cheng, A., Yount, B., Vogel, L., et al., 2007.
A mouse-adapted SARS-coronavirus causes disease and mortality in BALB/c mice.
PLoS Pathog. 3, 23–37.

Roberts, A., Lamirande, E.W., Vogel, L., Baras, B., Goossens, G., Knott, I., et al., 2010.
Immunogenicity and protective efficacy in mice and hamsters of a beta-propiolactone
inactivated whole virus SARS-CoV vaccine. Viral Immunol. 23, 509–519.

Roth-Cross, J.K., Stokes, H., Chang, G., Chua, M.M., Thiel, V., Weiss, S.R., et al., 2009.
Organ-specific attenuation of murine hepatitis virus strain A59 by replacement of cata-
lytic residues in the putative viral cyclic phosphodiesterase ns2. J. Virol. 83, 3743–3753.

Sabir, J.S., Lam, T.T., Ahmed, M.M., Li, L., Shen, Y., Abo-Aba, S.E., et al., 2016. Co-
circulation of three camel coronavirus species and recombination of MERS-CoVs in
Saudi Arabia. Science 351, 81–84.

Scheuplein, V.A., Seifried, J., Malczyk, A.H., Miller, L., Hocker, L., Vergara-Alert, J., et al.,
2015. High secretion of interferons by human plasmacytoid dendritic cells upon recog-
nition of Middle East respiratory syndrome coronavirus. J. Virol. 89, 3859–3869.

Scobey, T., Yount, B.L., Sims, A.C., Donaldson, E.F., Agnihothram, S.S.,
Menachery, V.D., et al., 2013. Reverse genetics with a full-length infectious cDNA
of the Middle East respiratory syndrome coronavirus. Proc. Natl. Acad. Sci. U.S.A.
110, 16157–16162.

Selinger, C., Tisoncik-Go, J., Menachery, V.D., Agnihothram, S., Law, G.L., Chang, J.,
et al., 2014. Cytokine systems approach demonstrates differences in innate and pro-
inflammatory host responses between genetically distinct MERS-CoV isolates. BMC
Genomics 15, 1161.

Sheahan, T., Whitmore, A., Long, K., Ferris, M., Rockx, B., Funkhouser, W., et al., 2011.
Successful vaccination strategies that protect aged mice from lethal challenge from influ-
enza virus and heterologous severe acute respiratory syndrome coronavirus. J. Virol.
85, 217–230.

Shim, B.S., Stadler, K., Nguyen, H.H., Yun, C.H., Kim, D.W., Chang, J., et al., 2012. Sub-
lingual immunization with recombinant adenovirus encoding SARS-CoV spike protein

282 L. Enjuanes et al.

http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0515
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0515
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0520
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0520
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0520
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0525
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0525
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0525
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0530
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0530
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0530
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0530
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0535
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0535
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0535
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0540
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0540
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0545
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0545
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0545
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0550
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0550
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0550
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0550
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0555
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0555
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0555
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0560
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0560
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0560
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0565
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0565
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0565
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0570
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0570
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0570
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0575
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0575
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0575
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0580
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0580
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0580
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0580
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0585
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0585
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0585
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0585
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0590
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0590
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0590
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0590
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0595
http://refhub.elsevier.com/S0065-3527(16)30042-2/rf0595


induces systemic and mucosal immunity without redirection of the virus to the brain.
Virol. J. 9, 215.

Siu, K.L., Chan, C.P., Kok, K.H., Woo, P.C., Jin, D.Y., 2014a. Comparative analysis of the
activation of unfolded protein response by spike proteins of severe acute respiratory syn-
drome coronavirus and human coronavirus HKU1. Cell Biosci. 4, 3.

Siu, K.L., Yeung, M.L., Kok, K.H., Yuen, K.S., Kew, C., Lui, P.Y., et al., 2014b. Middle
East respiratory syndrome coronavirus 4a protein is a double-stranded RNA-binding
protein that suppresses PACT-induced activation of RIG-I and MDA5 in innate ant-
iviral response. J. Virol. 88, 4866–4876.

Smith, E.C., Blanc, H., Surdel, M.C., Vignuzzi, M., Denison, M.R., 2013. Coronaviruses
lacking exoribonuclease activity are susceptible to lethal mutagenesis: evidence for proof-
reading and potential therapeutics. PLoS Pathog. 9, e1003565.
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